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1 Introduction
Almost every day, one can follow the worldwide discussed climate conflict in the
media. Two different sources for the generation of energy are used predominantly:
fossil fuel power plants, which promote the greenhouse effect by producing countless
amounts of CO2, and nuclear power plants, which can lead to unpredictable dam-
age to nature and human life as horribly demonstrated by the nuclear disaster of
Fukushima in 2011. In-between, both have been heavily criticised. Hence, more and
more voices have been raised for a turnaround in energy policy until the German
federal government changed sides towards a green policy and proclaimed a rapid
nuclear energy phase-out. However, each change in such an order of magnitude
raises new problems and questions. Which form of energy should replace the atomic
energy or even how could energy be used more efficiently?
Nowadays a large amount of energy is consumed for lighting. In the early 20th
century highly efficient mercury discharge lamps were used for the first time. Low-
pressure mercury discharge lamps are widely used in fluorescent lamps and comprise
besides gaseous mercury also argon, which simplifies the ignition of the mercury
plasma. Emission lines are almost exclusively in the UV region at 185, 254 and
365 nm. To produce white light phosphors were developed, which could be excited
effectively at 254 nm, and which emitted blue, green and red light. Thus, lamps with
any colour could be produced depending on the phosphor mixture on the inner tube
wall [1–3]. As mercury represents a toxic component in discharge lamps, another
solution was searched to do without. This trend was also supported by politics
and in 2013 the German federal government signed the Minamata Convention on
Mercury to reduce the worldwide spread of mercury.
An alternative light source reveal Xenon high-pressure discharge lamps exhibiting
emission lines in the vacuum-UV region at 147 and 172 nm. However, this means
a fundamental cut in terms of energy efficiency, due to the increased energy loss
between excitation and emission [4]. A further problem represents the insufficient
photostability of conventional phosphors.
Since the invention of the blue GaN light-emitting diode (LED) by Nakamura et al.
in 1994 [5], III-V semiconductors have entered everyday life. They possess band gaps
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from the UV to the visible spectral region (e.g. series between AlGaN and InGaN),
and by applying a current light emission is induced [4, 5]. In the meantime, the whole
colour spectrum and the emission of white light can be achieved by adding blue,
green and red diodes. Another possibility represents the combination of different
phosphors, which convert for example invisible UV radiation into visible light [3].
Thus, their application area could be extended and reaches now from displays and
remote controls to lighting comprising advantages, such as high quantum efficiency,
long service life and no toxicity [4, 6].
Due to the increasing demand on light sources, more efficient and economical LEDs
have to be developed. Several combinational concepts by adding phosphors lead
to the emission of white light. The combination of a blue LED chip with a yellow
emitting phosphor, e.g. YAG:Ce3+, produces a long-lived white-light-emitting diode
(Figure 1.1 a), exhibiting one disadvantage: the emitted light appears cold, due to
the missing red portion. The C olour Rendering I ndex (CRI), which reflects the
ability to display the colours of an irradiated object in a natural way, is rather low.
The sun, as a blackbody, possesses a CRI value of 100 by definition [3, 4]. Two
further combinational concepts for the generation of white light exist. A blue chip
is covered with a green and red emitting phosphor (Figure 1.1 b). The mixing of the
transmitted part of the blue light with the converted green and red light results in
a white light, which may appear warmer due to the participating red portion. The
third, more complex concept is the combination of three different phosphors on a
UV emitting chip, emitting in the blue, green and red spectral region (Figure 1.1
c). The advantage is the possibility of tuning the colour by adjusting each single
phosphor. Thus, a wider colour spectrum and a better CRI can be achieved [3, 4, 7].
Figure 1.1: White light generation by combining a
a) blue LED chip covered with a yellow phosphor,
b) blue LED chip covered with a green and red phosphor,
c) UV LED chip covered with a blue, green and red phosphor [4].
In contrast to discharge lamps, the excitation wavelength increases from 254 nm to
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300–450 nm and thus the energy loss decreases [4, 7]. Most of these diodes exhibit
phosphors containing rare-earth ions as activators, which are not as rarely present
on earth as one could suspect by their name [8]. Nevertheless, the availability of
rare-earth elements and thus their price strongly depends on economical and par-
ticularly political relationships. Rare-earth ions satisfy the requirements for optical
applications in the visible region. Due to the strong shielding of the 4f states by
outer orbitals, interactions with the ligands are relatively weak. As a consequence,
rare-earth ions possess nearly constant and rarely influenceable energy levels. Rapid
processes between absorption, internal relaxation and emission avoid an undesired
afterglow. Very efficient f–d transitions can be observed, if 4f and 5d orbitals are
involved, revealing high transition rates and short lifetimes, e.g. in Ce3+ and Eu2+
[3, 4, 9, 10]. Nevertheless, the interaction between host lattice and activator defines
the properties of a phosphor, which have to be adjusted according to the respec-
tive purpose. Important key parameters are besides the CRI and stability towards
radiation the efficiency, quantum yield, resistance towards ageing, decay time and
sufficient absorption at the emission wavelength of the emitting diode [3].
The particular focus in this thesis was the synthesis and characterisation of novel
robust compounds, which should be synthesised as crystalline solids to investigate
their structures via single-crystal and powder X-ray diffractometry. Moreover, at-
tention was paid to their corresponding optical and thermal properties. Due to their
structural variety and thermal stability, borates and phosphates represent interest-
ing compound classes. For this purpose, novel representatives should be doped with
ions, which are important for optical applications. Condensed borophosphate com-
pounds should be synthesised with new stable structures as potential host lattices.
Further formal substitution leads to the new compound class of the borosulphates,
a representative of which should be synthesised to investigate its suitability as po-
tential luminescent material.
This thesis is structured according to compound classes. Firstly, borates and phos-
phates will be treated followed by their formal condensation product, the borophos-
phates. Finally, the compound class of borosulphates concludes this work.

2 Preparative Methods
In this chapter the preparative methods used for this work are introduced. Depend-
ing on the compound, samples were synthesised either via solid-state or hydrothermal
synthesis.
The commercially available starting materials, the sources of supply, as well as the
purity, are listed in Table 2.1. All chemicals were used without further purification.
Table 2.1: Starting Materials
Compound Formula Supplier Purity
Hydrogen peroxide H2O2 Merck 30 %
Ammonium dihydrogenphosphate NH4H2PO4 Merck >99.99 %
Boric acid H3BO3 Merck >99.5 %
Boron oxide B2O3 Sigma Aldrich 99 %
Cerium(III) nitrate hexahydrate Ce(NO3)3⋅6H2O Merck extra pure
Chromium(III) chloride hexahydrate CrCl3⋅6H2O Fluka >98 %
Diammonium hydrogenphosphate (NH4)2HPO4 Merck >99 %
Dysprosium(III) oxide Dy2O3 Kristallhandel Kelpin 99.99 %
Europium(III) nitrate pentahydrate Eu(NO3)3⋅5H2O Sigma-Aldrich 99.9 %
Europium(III) oxide Eu2O3 Sigma Aldrich 99.9 %
Holmium(III) oxide Ho2O3 Auer-Remy K.-G. 99.9 %
Manganese(II) chloride MnCl2 Fluka >99 %
Phosphoric acid H3PO4 Fluka >85 %
Phosphorous acid H3PO3 Riedel-de Hae¨n >98 %
Potassium hydrogensulfate KHSO4 Aldrich >98 %
Terbium(III/IV) oxide Tb4O7 Chempur 99.9 %
Terbium(III) nitrite pentahydrate Tb(NO3)3⋅5H2O Sigma-Aldrich 99.9 %
Strontium carbonate SrCO3 Riedel-de Hae¨n >96 %
6 2 Preparative Methods
2.1 Solid-State Synthesis
Solid-state synthesis represents one of the oldest methods of preparing solid mate-
rials at higher temperatures, with at least one reactant in the solid state. Due to
slow diffusion rates in solids, high temperatures are necessary for considerable re-
action rates. Approximately two thirds of the melting temperature of one reactant
are sufficient for ion diffusion through the crystal lattice. At this point one could
question the advantages of solid-state reactions. They are obvious if you look at the
huge availability of starting compounds and low costs for the powder production on
a large scale [11].
Grinding is an important step in solid-state synthesis to maximize the surface and the
contact area and thus to improve the reaction rate. Furthermore, starting materials
are selected according to a certain reactivity, e.g. temperature of decomposition.
High temperatures allow higher diffusion rates but also claim special demands on
the crucible material. It may neither react with the starting materials nor decompose
at high temperatures. Common containers are made of platinum, silica or corundum
[11].
Next to numerous advantages, a number of disadvantages also exists. As solid-state
reactions lead to thermodynamically stable products, undesirable or side products
may be formed. Additionally, homogeneity due to slow diffusion processes is hard to
achieve. In-situ monitoring via high-temperature X-ray powder diffraction is pos-
sible. Since only small quantities can be measured to achieve homogeneity and repro-
ducibility is rarely given going to larger amounts, usually X-ray powder diffraction is
carried out periodically after cooling to room temperature. Reaction temperatures
have to be considered with respect to a better diffusion rate at higher temperatures
on the one hand and possible volatilization processes of one or more of the starting
materials on the other hand [11].
Starting materials, such as carbonate, oxide, phosphate and sulphate powders (Table
2.1) were thoroughly ground in an agate mortar and transferred into an alumina
boat (Friatec, Mannheim) or a silica glass crucible (Ha¨berle, Lonsee-Ettlenschieß).
Reactions in air were carried out in muﬄe furnaces (Nabertherm, Lilienthal) in a
temperature range of 500–1000 °C. Reactions in a nitrogen or forming gas (90 % N2,
10 % H2) flow (40–250 ml min−1), such as dotations with Eu2+, were conducted in
a tube furnace (Gero, Neuhausen) with corundum or silica working tubes (Friatec,
Mannheim) in the same temperature range as mentioned above.
By using this synthesis method, phosphates and borosulphates could be obtained
(Chapters 6 and 8).
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2.2 Hydrothermal Synthesis
Many inorganic compounds are unstable under rather rough solid-state synthesis
conditions, such as high temperatures. In contrast, hydrothermal syntheses are an
imitation of geological processes in nature, where solids are obtained from a liquid
phase under moderate conditions. Hydrothermal processes are defined as hetero-
geneous reactions that take place in an aqueous medium above a temperature of
100 °C and a pressure of 1 bar [11, 12]. Water satisfies two duties. Next to being the
solvent it is also the pressure-transmitting medium [11]. Advantages of hydrother-
mal conditions are obvious; while only gentle temperatures (100–300 °C) are needed,
hardly soluble compounds can go into solution or form a flux which subsequently
accelerates the reaction rate. Additionally, products with a high crystallinity can be
obtained. Pressure tuning can be achieved by using different temperatures, solvents
or filling degrees [11, 12].
Figure 2.1: Teflon autoclave.
For this work, Teflon (PTFE) autoclaves with inlay containers (Bola, Gru¨nsfeld)
with a total volume of 10 ml (Figure 2.1) or silica ampoules made of enclosed silica
pipettes were used. The maximum operating temperature was 220 °C using a drying
cabinet VENTI-Line (VWR, Darmstadt). The exchangeable perfluoralkoxy and
polyfluorethylen rupture membranes of the Teflon autoclaves burst at a maximum
pressure of 25 bar. The starting materials were weighed, homogenised by grinding
in an agate mortar and transferred into the Teflon autoclave or silica ampoule. A
few milliliters of water or phosphoric acid were added for a filling degree of 50–70 %
(Teflon autoclave) and 20–30 % (silica ampoule). The silica ampoules were enclosed
using a Bunsen burner. The water of crystallization of certain starting materials
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served as additional solvent during the reaction process.
By using synthesis methods in sealed-off systems with elevated moderate pressure
ternary or higher oxidic compounds, such as borophosphates [13] and borates [14, 15],
are easily accessible.
3 Analytical Methods
In this chapter the applied analytical methods are introduced. Herein the investi-
gation of the crystal structures and the spectroscopic properties of the synthesised
compounds are in the focus. First of all, synthesised solid samples are investigated
via X-ray powder diffraction. If the sample reveals a certain degree of crystallinity
and no conformance with the powder database occurs, single-crystal X-ray diffrac-
tion is applied. After the solution and refinement of the crystal structure, further
refinement of the atomic and structural parameters can be performed via Rietveld
analysis. The presence of certain structural characteristics can be proofed by in-
vestigating the spectroscopic properties, such as the behaviour in the IR or UV-Vis
region. Furthermore, magnetic and thermal properties of the synthesised materials
are investigated.
3.1 X-Ray Diffraction
Investigating crystalline solids via X-ray powder diffraction is a standard method.
All crystalline compounds possess a three-dimensional periodical lattice. Thus
it is sufficient to know the crystal system and the dimensions of the unit cell,
its smallest unit. The wavelengths of Cu (λCu-Kα = 1.54178 A˚) and Mo radiation
(λMo-Kα = 0.71069 A˚) are in the same range as typical lattice plane distances. There-
fore interference is attended if a crystal is exposed therein. The obtained diffraction
patterns correspond to projections of the crystal lattice in reciprocal space. By us-
ing the Bragg equation (Equation 3.1), which is also illustrated in Figure 3.1, this
phenomenon can be described.
nλ = 2dsinθ (3.1)
Equation 3.1: Bragg equation; n: order of interference, λ: wavelength, d : distance
between lattice planes, θ: Bragg angle.
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Figure 3.1: Diffraction of X-rays on lattice planes and derivative for the Bragg
equation.
Positive interference can be observed only if the Bragg equation is satisfied. Oth-
erwise phase shifted waves will extinguish. X-rays interact with the electron shell
of the atoms. According to their scattering capability atoms can be distinguished
[16–18].
As source for X-radiation serve generators with X-ray tubes. A focussed electron
beam is directed in high vacuum to an anode, consisting of a highly pure metal (e.g.
Mo, Cu, Ag). Due to an energy release of up to 3 kW the anode is being water-
cooled on the rear side. The formation of X-radiation is subject to two different
processes. On the one hand kinetic energy of the electrons is partially converted
into bremsstrahlung, when the electron beam is deflected by the electric fields of the
metal ions, whereby a continuous energy distribution results. On the other hand
radiation of distinct energies is emitted, when the kinetic energy of the electrons
is completely converted into X-radiation (Figure 3.2) [16]. This characteristic X-
radiation arises if an electron is knocked out of its shell (e.g. K-shell) and the atom
becomes ionised. The instable state relaxes by filling this hole with an electron
from an energetically higher shell (e.g. L-shell) and emitting an X-ray photon with
a distinct wavelength. The splitting in the L-shell leads to the presence of three
states (S = 12 , L = 1, J = {12 , 32} and S = 12 , L = 0, J = 12), explaining with respect to
the selection rules (∆L =±1) the presence of a doublet (Kα1 and Kα2) [16].
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Figure 3.2: Spectral distribution of a Mo X-ray tube [16].
In the following sections X-ray powder diffraction and single-crystal X-ray diffraction
are introduced.
3.1.1 X-Ray Powder Diffraction
The most common method applied for qualitative and quantitative (Chapter 3.1.3)
investigation of crystalline powders is X-ray powder diffraction. Information about
composition and phase purity of a sample can be obtained. Using this method the
radiation of the X-ray source filtered by a monochromator is scattered and partially
reflected at the planes of the crystal lattice of the powder sample. By grinding the
powder sample in a mortar, random oriented crystallites are gained and lead to a
higher amount of lattice planes in diffraction position [17, 18]. In contrast to single-
crystal X-ray diffraction (Chapter 3.1.2), a two-dimensional diffraction pattern is
obtained, in which the intensity of the diffracted radiation is recorded and plotted
against the diffraction angle 2θ.
Using a powder diffractometer with a Bragg-Brentano setup (Figure 3.3) the parafo-
cussed divergent incident beam is reflected from the surface of the flat rotating sam-
ple and converges at a fixed radius from the sample position. Source and detector
move simultaneously by -θ and θ, whereas the sample is fixed in the horizontal po-
sition. Slit apertures are used to control the divergence of the beam. Wavelengths
other than Cu-Kα1,2 are filtered by a secondary monochromator. The automatically
varying entrance slit (Meteor 1D linear detector) improves intensities at higher an-
gles. At fixed slit, the window of focus decreases with increasing 2θ angles, which
leads to lower intensities due to stronger absorption processes and an additional
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larger penetration depth of the X-rays [18, 19]. The penetration depth depends on
the absorption, the type of material and the incident angle [18]. This setup was also
used for Rietveld analysis (Chapter 3.1.3).
Figure 3.3: Bragg-Brentano diffractometer setup with flat sample [17].
Using a powder diffractometer with transmission geometry (Debye-Scherrer setup)
the divergent beam from the X-ray source is not exactly focussed on the sample, but
beyond onto the 2θ measuring circle of the detector (Figure 3.4). A better statistical
distribution of lattice planes is obtained by spinning the ground sample around its
axis. This results in high diffraction intensities due to more crystallites being in
diffraction position and fulfilling Bragg’s equation [18, 19].
Figure 3.4: Debye-Scherrer diffractometer setup with capillary sample [19].
Diffraction measurements were either performed on a Seifert XRD T/T 3003 (Me-
teor 1D linear detector) reflection powder diffractometer or on a Bruker D8 Advance
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(1D-LynxEye detector) transmission powder diffractometer. Both radiation sources
were X-ray tubes with a copper anode providing Cu-Kα1,2 radiation and were work-
ing at an acceleration voltage of 40 kV and an emission current of 40 mA. Usually
measurements were carried out in the range of 5–140 ° 2θ with a step size of 0.2 °.
Using the Seifert XRD T/T 3003 reflection powder diffractometer the homogenised
samples were prepared on a stainless steel sample holder and flattened using a glass
plate.
For measurements with the Bruker D8 Advance transmission powder diffractometer
the homogenised samples were transferred into soda lime glass (measurements at
room temperature) or quartz glass (measurements at elevated temperatures) mark-
tubes (Hilgenberg, Malsfeld) with an outer diameter of 0.3 mm and mounted on a
goniometer head.
3.1.2 Single-Crystal X-Ray Diffraction
Single-crystal X-ray diffraction is used to get a three-dimensional picture of the
arrangement of the atoms in the crystal lattice. This can be achieved by measuring
the intensities of the recorded reflections in the reciprocal space. Equal to powder
diffraction X-ray radiation can be used and the Bragg equation has to be fulfilled to
observe diffraction.
After checking the crystal quality by exposing the selected crystal to the X-ray beam
for 30–100 seconds, the unit cell parameters were determined in a first short run.
With this information an appropriate strategy for the complete measurement can
be obtained using the APEX2 software suite (Bruker AXS, Karlsruhe). Depending
on the crystal symmetry this process can take between several hours and days.
The lower the symmetry, the more crystallographic information is needed for a
satisfactory structure solution and refinement. The multi-scan absorption correction
was performed with the program SADABS [20]. Crystal structures were solved by
direct methods and refined in a least squares algorithm using the programs SHELXS-
97 and SHELXTL-97 [21, 22]. All non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were localised via Difference-Fourier -
Synthesis and their positions were refined isotropically. To prove the quality of
the structure model, residual values R are calculated [16, 18]. A distinction is
made between the conventional R1-value (Equation 3.2) and the weighted wR2-
value (Equation 3.3). R1 describes the deviation between the observed (Fo) and
calculated (Fc) structure factor. In contrast, wR2 considers the weighting factor w
and uses the least squares method refining with F 2o and F
2
c . Due to the squaring
down in Equation 3.3, wR2 reacts more sensitively to small errors in the structure
model.
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R1 = ∑hkl ∥ Fo ∣ − ∣ Fc ∥∑
hkl
∣ Fo ∣ (3.2)
wR2 =
¿ÁÁÁÁÀ∑hklw(F 2o − F 2c )2∑
hkl
w(F 2o )2 (3.3)
Equations 3.2 and 3.3: Definitions of R1 and wR2; w: weighting factor, Fo: ob-
served structure factor, Fc: calculated structure factor [16].
For a satisfying structure refinement R1 and wR2 should be well below 5 % and
10 %, respectively. Next to the structure model those values are also dependent on
the quality of the measurement and structural restraints, e.g. electron distribution
and displacement factors [16].
Another distinguishing mark is the goodness of fit (Equation 3.4) whose value should
be around unity if structure and weighting scheme are correct [16]. If more parame-
ters are applied than reflections are observed, no value for S can be obtained, which
leads to the assumption that the chosen structure model is wrong.
S =
¿ÁÁÀ∑hklw ∥ Fo ∣ − ∣ Fc ∥2
m − n (3.4)
Equation 3.4: Goodness of fit S ; w : weighting factor, Fo: observed structure
factor, Fc: calculated structure factor, m: number of reflections, n: number of
parameters [16].
Adequate crystals were preselected using a SZX2-ILLT 8–56-x light optical micro-
scope (Olympus, Hamburg) with a polarisation filter and picked up on a Micro-
Mount (MiTeGen, Ithaka). Measurements were carried out either on a D8 Venture
single-crystal diffractometer (Bruker, Karlsruhe) equipped with a Kappa four-circle
goniometer, a PHOTON 100 CMOS detector and both a Cu and Mo radiation
source or on an IPDS II (Stoe & Cie, Darmstadt) equipped with an Imaging Plate
Diffraction system.
All representations of crystal structures were generated using the programs Diamond
[23] and POV-Ray [24].
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3.1.3 Rietveld Analysis
Rietveld analysis is used for the refinement of crystal structures from powder data
using a known structure model and for quantitative phase analysis on multi-phase
systems. In both cases the reflection intensities of the structure data are calculated
and fitted (pattern-fitting structure refinement) to the corresponding powder data
[17].
Due to rapid improvement of computer techniques the number of crystal structures
solved from powder data increased. For a successful refinement the starting struc-
ture model has to be close to the final solution otherwise no satisfying refinement
can be applied. The positions of the atom layers are shifted by a least squares algo-
rithm until the difference between the measured and calculated diffraction pattern is
minimised [17, 18, 25, 26]. Parameters are divided into local and global parameters.
Whereas global parameters are applied to all phases in a mixture, local parameters
vary for all phases. In the first step the lattice constants, the form of reflections and
the background are refined. Afterwards, phase and atomic parameters are refined,
which is in the classical meaning the Rietveld analysis [17]. There exist several val-
ues for the progress and quality of the refinement. The goodness of fit χ2 (Equation
3.5) is minimised during the refinement process:
χ2 =∑
i
wi(yi(obs) − yi(cal))2 (3.5)
Equation 3.5: Goodness of fit χ2; wi: weighting factor, yi(obs): observed inten-
sities, yi(cal): calculated intensities [17, 27].
The value of the weighting factor wi corresponds to the inverse measured intensities
yi(obs) (wi = 1/yi(obs)). A difference plot between the measured and calculated
powder pattern gives an overview of the refinement’s progress. A measure for the
quality of the refinement are the residual values R, such as the profile residual RP,
and the weighted profile residual RwP (Equations 3.6 and 3.7).
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RP = ∑i ∣ yi(obs) − yi(cal) ∣∑
i
yi(obs) (3.6)
RwP =
¿ÁÁÁÁÀ∑i wi ∣ yi(obs) − yi(cal) ∣2∑
i
wiyi(obs) (3.7)
Equations 3.6 and 3.7: Definitions of residual values RP and RwP; wi: weighting
factor, yi(obs): observed intensities, yi(cal): calculated intensities [17, 18].
In general, the lower the R-values the better the refinement’s quality. Acceptable
values for RwP are below 10 % and are close to unity for χ2. These values are not
absolute values as they depend on the instrumentation and the parameters of the
measurement. Only if all aspects, such as R-values and difference plot, physical
parameters and standard deviations, are proofed plausible, can one rely on the
correctness of the refinement [17, 18].
According to Hill and Howard a close relationship exists between the scale factor
si and the weight proportion Wi of the phase i in a sample with several phases j
(Equation 3.8)[18].
Wi = siρiVi∑
j
sjρjVj
(3.8)
Equation 3.8: Definition of the weight proportion Wi; si/j : scale factor of i/j,
ρi/j : density of i/j, Vi/j : volume of the unit cells of i/j [18].
Several conditions have to be fulfilled for a quantitative phase analysis. All crys-
tal structures and the occupation numbers of the crystallographic sites have to be
known. Textures, such as preferred orientation, have to be corrected, refining the
corresponding factors.
Rietveld refinements were carried out with the FullProf program suite and the WIN-
PlotR graphical user interface [27]. The graphical presentation of the data was
performed using the program OriginPro [28].
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3.1.4 Energy-Dispersive X-Ray Spectroscopy
For investigation of the elemental composition of the synthesised compounds, energy-
dispersive X-ray spectroscopy (EDX) measurements were carried out. A beam of
X-radiation hits the surface of a sample and stimulates the generation of a primary
electron, which is removed from the shell, creating an electron hole. As this state
is unstable, an electron with higher energy from an outer shell fills the hole and
releases the excess energy as an X-ray photon. This energy is element specific as it
increases with the nuclear charge. The spectrometer can detect X-radiation of any
element. Exact assignments for light elements, e.g. hydrogen, carbon or oxygen, are
not possible due to overlapping of the emission lines [29, 30].
EDX measurements were carried out on a XL-30 Field Emission ESEM (FEI/Philips,
Hillsboro/Columbus, USA) spectrometer, which was equipped with an EDX detec-
tor. Evaluation of the data was performed using the software Genesis Spectrum
[31].
3.2 MAPLE Concept
Madelung factors play an important role in the calculation of lattice energies (EL)
(following the Born-Haber cycle) and enthalpies of formation in ionic compounds.
Thereby long range orders can be considered from so-called MAPLE (= Madelung
Part of Lattice Energy) values.
Nevertheless, next to ionic interactions (EM), other effects such as the polarization
energy EPol, repulsion energy ERep and covalent energy ECov have to be considered
as well. In general, the correction term ECorr is added to balance the difference
between experimental and calculated lattice energies (Equation 3.9) [32, 33].
EL = EM +EPol +ERep +ECov +ECorr (3.9)
Equation 3.9: Lattice energy EL; EM: Madelung part of the lattice en-
ergy; EPol: polarization energy, ERep: repulsion energy, ECov: covalent energy,
ECorr: correction term [32, 33].
By calculating the Madelung energy EM the Coulomb energy EC forms a large part
(Equation 3.10), which considers the potential energy between a cation and anion
in a particular distance d0.
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EC = z+z−e2
4pi0d0
(3.10)
Equation 3.10: Coulomb energy EC; z
+: charge of cation, z−: charge of anion,
e: elementary charge, 0: dielectric constant in vacuum, d0: distance cation–
anion [34].
To complete the equation for the Madelung energy the term of the Coulomb energy is
extended by the Avogadro constant NA and the Madelung factor A (Equation 3.11)
[32]. In contrast to the coordination number, where only electrostatic interactions
to the closest neighbours count, the Madelung factor A considers the sum of all
attractive and repulsive interactions in the crystal lattice.
EM = NA z+z−e2
4pi0d0
A (3.11)
Equation 3.11: Madelung energy EM; NA: Avogadro constant, z
+: charge
of cation, z−: charge of anion, e: elementary charge, 0: dielectric constant in
vacuum, d0: distance cation–anion, A: Madelung factor [34].
The Madelung factor A depends on the ions charge and structure type. It can be
calculated by summing up partial Madelung factors of simple binary compounds
for any arbitrary structure type, which makes them useful for structure discussions
[32–34].
3.3 Deviation of Tetrahedra
In 1996 Balic´-Zˇunic´ and Makovicky [35] first published a numerical method to de-
termine the centroid coordinates in a defined polyhedron. This method based on
least-squares fitting of a circumscribed sphere of the polyhedron. Using this infor-
mation, amongst others, the degree of sphericity and the displacement of the central
atom from the centroid can be calculated, depending on the coordination number.
Using this method the regularity of the coordination of the central atom and the
regularity of the ligand distribution in the polyhedron are discussed in a universal
procedure [35]. Two years later they had developed a new global measure of the dis-
tortion of coordination polyhedra. An extended scheme is presented, which focuses
on the ligand distribution in the polyhedron. They postulate that each polyhedron
type with the maximum possible volume can be considered as an ideal one. Thus,
all platonic polyhedra possess the maximum volume for their type of polyhedron.
The comparison of the volume of the circumscribed sphere (Vr) of a real polyhedron
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to that of the corresponding ideal polyhedron (Vi) Vr/Vi gives a suitable measure for
polyhedral distortion. The distortion percentage can be calculated by the following
equation (Equation 3.12) [36].
ν(%) = (Vi − Vr)/Vi ⋅ 100 (3.12)
Equation 3.12: Distortion percentage ν(%); Vi: volume of ideal polyhedron,
Vr: volume of real polyhedron [36].
Next to a quantitative measure of polyhedral distortion, the volume discrepancy
can be also used as a measure of deviation of the chosen polyhedron model [36].
Exhibiting a deviation < 1 % tetrahedra are classified as regular.
3.4 Spectroscopic Methods
Spectroscopic methods represent an important part of modern analytics. All spectra
have in common that the detected intensity of the corresponding measurement is
plotted against the wavelengths or wavenumbers of any spectral range. The elec-
tromagnetic spectrum extends over a large range of wavelengths, starting in the
short-wave region of the cosmic radiation (λ= 10−15 m, f = 1023 Hz) reaching to the
long-wave region of alternating current (λ= 106 m, f = 103 Hz) (Figure 3.5). In-
between the areas of γ-rays, X-rays, UV-Vis, IR, microwaves and radio frequencies
are located [37].
Figure 3.5: Survey of the electromagnetic spectrum.
All analytical methods using electromagnetic radiation in this wavelength scale have
the interaction of radiation with mater in common. Following the energetic relation
E = hν the energy of a photon E with the frequency ν is linked via Planck’s constant
h. The speed of light c devided by the wavelength λ gives the frequency ν (Equation
3.13).
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ν = c
λ
(3.13)
Equation 3.13: Frequency ν; c: speed of light, λ: wavelength [37].
Following Bohr ’s frequency condition ∆E = hν, a molecule with its discrete energy
levels can absorb energy, only if ∆E is an even multiple of Planck’s constant h.
In contrast, an energetic continuum could not give any information, but h divides
energy levels into characteristic units [37].
3.4.1 Infrared Spectroscopy
The infrared (IR) region of the electromagnetic spectrum ranges between 1000 and
10⋅106 nm (10000–10 cm−1). Spectra are depicted in the intensity of the transmission
as a function against the wavenumber ν˜ in cm−1 (Equation 3.14) with decreasing en-
ergy from left to right. The intensities of absorption are usually illustrated inversely
as transmission T in % [37].
ν˜ = 1
λ
(3.14)
Equation 3.14: Wavenumber ν˜; λ: wavelength [37].
Exposure of molecules to infrared radiation leads to absorption in molecules, which
either possess an alterable or inducible dipole moment, and results in vibrations
(12800–200 cm−1) and rotations (< 200 cm−1), respectively. Due to characteristic
absorption bands at certain wavenumbers in the IR spectrum, functional groups can
be assigned and conclusions about the chemical environment of the compound can
be made. Intensities are characterised as strong, medium and weak [37, 38].
By now all mid-infrared instruments for analytical applications are Fourier trans-
form infrared (FT-IR) spectrometer using a Michelson interferometer (Figure 3.6).
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Figure 3.6: Schematic diagram of a Fourier transform spectrometer with a
Michelson interferometer [38].
The incident beam is split by a semi-permeable beamsplitter into two partial beams.
Whereas one beam is reflected on a fixed mirror, the second beam is reflected on a
movable mirror. At the semi-permeable beamsplitter the partial beams are recom-
bined and interfere. The optical pathlength of the right interferometer arm can be
changed by shifting the movable mirror and a phase difference between both beams,
hence, a change of the interference amplitude, can be induced. In an interferogram,
the intensity signal from the detector is depicted as a function of the change of the
optical pathlength. By using a Fourier transformation (FT) the interferogram can
be converted into a spectrum. A lower detector noise, due to more sensitive detec-
tors, a better signal-to-noise ratio and a lower expenditure of time are the major
advantages of FT-IR spectrometers [38].
Solids that are either too thick or too strongly absorbing for standard transmission
spectroscopy are investigated via attenuated total reflectance (ATR) technique (Fig-
ure 3.7) which uses the total reflection of light at the interface between two media
of different refractive indices. The refractive index n1 is higher than the refractive
index of the sample n2. Due to reflection and refraction laws the angle θ has to
exceed the critical angle θc for total internal reflection (Equation 3.15). Exhibiting
a very small depth of penetration dp an evanescent wave extends in the less dense
medium beyond the reflecting interface and interacts with this medium. In this
case the sample was placed in contact with a diamond as internal reflection element
(IRE) where the light is totally reflected. The interaction of the evanescent wave
with the external less dense medium is detected [37, 38].
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Figure 3.7: Schematic representation of a total internal reflection with
n1 : refractive index of the internal reflection element (IRE), n2 : refractive in-
dex of the sample with n2<n1; θ : angle of incidence, dp : depth of penetration.
θc = sin−1n2
n1
(3.15)
Equation 3.15: Critical angle θc; n1: refractive index of the internal reflection
element (IRE), n2: refractive index of the sample [37].
IR spectra were recorded on an EQUINOX 55 FT-IR spectrometer with a Platinum
ATR unit (Bruker AXS, Karlsruhe) in the range of 4000–400 cm−1. Before the inves-
tigation of a sample, a background measurement was carried out. The determined
interferogram results from the difference between the measurement of the sample
and the background. Evaluation of the data was performed using the programs
OPUS [39] and OriginPro [28].
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3.4.2 UV-Vis Spectroscopy
In general, UV-Vis spectra are recorded in a wavelength range of 200–800 nm (50000–
12500 cm−1) (Figure 3.8).
Figure 3.8: Schematic spectrum in the UV-Vis region [37].
In contrast to the excitation of bonds in the IR region, absorption of energy in the
UV-Vis range leads to excitation of valence electrons, which are of lower energy
compared to the electrons of inner shells. Accordingly they are responsible for the
binding situation and thus are characteristic for the structure. Therefore structural
information can be gained by UV-Vis spectroscopy. Processes that occur between
absorption and emission of photons are represented in the Jablonski diagram (Figure
3.9) [37, 40].
Figure 3.9: Jablonski diagram.
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Photons possessing a distinct energy E = hν can be absorbed (A) and are excited
from the singlet ground state S0 (antiparallel spin arrangement) into an energeti-
cally higher state Sn (n= 1,2,3,...). Excitation from the ground state S0 occurs
with conservation of the antiparallel orientation of the spins with a multiplicity M
(M = 2S+1) of 1 and a total electron quantum number S= 0. In contrast, triplet
states Tn (n= 1,2,3,...) differ from the singlet state Sn in the total electron quantum
number of S= 1 and therefore also in the multiplicity of M = 3 due to parallel
unpaired spins. ∆E between ground and excited state determines the absorbed
energy and thus the corresponding wavelength of the absorption maximum. In
addition to each electronic state, there are a large number of vibrational states νn
(ν= 0, 1, 2,...) and a number of rotational states (omitted for reasons of clarity).
This fact explains the observation of absorption bands instead of absorption lines
[37].
Next to intensive allowed transitions exist quantum-mechanical forbidden transi-
tions, based on spectroscopic selection rules, which show much lower absorption
intensities. Two rules have to be fulfilled:
The LaPorte prohibition indicates that in complexes with an inversion centre tran-
sitions are forbidden between states with the same parity (g→g and u→u) and are
thus low in intensity (∆L=±1).
The spin prohibition indicates that transitions with a change of the total spin S of
the complex are also forbidden (∆S= 0) [8, 37, 41, 42].
In UV-Vis spectroscopy relaxation occurs fast and energy is released radiationless
(R) as vibrational, rotational and translational energy either within one excited state
or between two states as internal conversion (IC) (Figure 3.9) [37]. Further relaxa-
tion processes, e.g. radiationless intersystem crossing (ISC), fluorescence (F) and
phosphorescence (P), including emission of radiation, will be illustrated in Chapter
3.4.3.
For the quantitative interpretation of spectra of transition metal compounds Tanabe-
Sugano diagrams are used [43], which take into consideration both weak and strong
field ligands. For each electronic configuration such diagrams exist. Both the energy
E and the field strength ∆ are expressed as reduced dimensions E/B and ∆/B by
the Racah parameter B. The Racah parameter B of free ions always deviates from
the Racah parameter B′ of ions in complexes. Due to the delocalisation of electrons
in the orbitals of the central ion and its ligands the so-called nephelauxetic effect
occurs. Thus, the electronic repulsion of the electrons and B′ decreases. The ratio
of B′ to B is called the nephelauxetic ratio β (Equation 3.16) [42].
Both ligands and metal ions can be arranged in a nephelauxetic order (Table 3.1).
With increasing oxidation ability of the metal and increasing polarisability and re-
duction ability of the ligand β increases.
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β = B′/B (3.16)
Equation 3.16: Nephelauxetic ratio β; B′: Racah parameter of ions in com-
plexes, B: Racah parameter of free ions [42].
Table 3.1: Nephelauxetic order of selected metals and ligands
Metals
Mn2+ < V2+ < Mo2+ < Cr3+ < Fe3+ < Co3+ < Mn4+ < Pt4+
Ligands
F− < H2O < NH3 < Cl− < CN− < Br− < I− < S2−
In a Tanabe-Sugano diagram the ground state is always represented by the abscissa
and all energies of the excited states are shown relatively to the ground state. The
ratios of all observed transition energies to the first transition are calculated and
marked in the diagram by sliding along the abscissa until the ratio is found. ∆/B
is obtained. At this position E/B for all transitions can be marked and B′ can be
calculated. The average value corresponds to B′ of the metal ion in the complex.
Subsequently the size of the ligand field splitting ∆ can be calculated.
Measurements were carried out in the range of 200–800 nm using a Cary 300 Scan
UV-Vis spectrometer (Varian, Santa Clara, USA) and the software Varian UV Scan
Application [44]. Spectra are depicted in reflection intensities R in % as a function
against the wavelength in nm. The received data were plotted using the software
OriginPro [28].
3.4.3 Fluorescence Spectroscopy
Via fluorescence spectroscopy, compounds exhibiting luminescence by exposing them
to short-wavelength radiation in the UV-Vis region (200–800 nm) are investigated.
This phenomenon either occurs as fluorescence or as phosphorescence. The latter
includes emission of light with low emission rates in the range of milliseconds to
seconds (103–100 s−1) after excitation. Due to the excited electron having the same
spin orientation as the ground state electron, emission from the triplet excited state
is spin-forbidden (∆S ≠ 0) and results in slow emission rates. Intersystem crossing
(ISC) is the transition between the singlet and triplet state (Figure 3.9). As this
phenomenon will not be part of further discussions, more details can be found in
the corresponding literature [37, 40].
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Fluorescence represents a phenomenon with fast emission rates of photons (108 s−1)
after excitation. In contrast to phosphorescence, fluorescence occurs as allowed emis-
sion of a photon if an electron returns from the excited singlet state Sn (n= 1,2,3,...)
to the ground state S0 with no change of the total spin S (∆S= 0) [37, 40]. Usually
excitation to a higher vibrational level of S2 or S3 occurs, and within 10−12 s or less,
relaxation takes place to the lowest vibrational level of S1 via IC [37, 40]. This relax-
ation process is faster than fluorescence emission, which occurs therefore normally
from the lowest vibrational level of S1. Emission to the electronic ground state first
occurs to a higher excited vibrational ground state of S0 before thermal equilibrium
is reached within 10−12 s. Due to different radiationless relaxation processes, e.g. IC
and R, the wavelength of emitted photons is in the visible range and is usually larger
than the wavelength of the absorbed photons. This wavelength difference is called
Stokes-shift [40] In contrast to this are upconversion (anti-Stokes) phosphors, which
convert several low-energy photons into one high-energy photon [4].
Conventional inorganic phosphors consist of a host structure with a small amount
of doped activator ions of about 10 mol-% or less. Activator ions can be divided
into two groups.
The involved energetic states of trivalent lanthanide ions Ln3+ interact only weakly
with the host lattice. Due to strong shielding of the 5s2 and 5p6 orbitals, crystal field
splitting is very small, and weak 4f–4f transitions occur leading to the characteristic
line emission [3, 9, 10]. Since they are parity forbidden they only become allowed
by admixture of states of the opposite parity. The energy levels of free trivalent
lanthanide ions up to 42000 cm−1 investigated by Dieke and Crosswhite are shown
in Figure 3.10 [45, 46].
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Figure 3.10: Dieke diagram for free Ln3+ ions [46].
Using this diagram for analysis of 4f–4f transitions is a helpful tool to assign the
corresponding transitions. Many transitions between the depicted energy levels are
in the visible range (12500–25000 cm−1), which makes them very useful for optical
applications. In the meantime optical materials working in the UV or VUV spectral
region are demanded. Lanthanide ions would be well suited due to a large number
of energy levels in this region (Figure 3.10) [45, 46].
A strong interaction between activators and host lattice occurs in ions exhibiting
electrons in d orbitals, e.g. in Mn2+, Eu2+ and Ce3+, as well as in s2 ions, such as
Pb2+ and Sb3+ or in complex anions, e.g. MoO2−4 or WO2−4 . Due to parity allowed
interconfigurational 4fn→4fn−15d transitions or charge transfer (CT) from complex
anions to the activator ion, broad absorption and emission bands occur, respectively
[3, 9].
Excitation and emission spectra were recorded at room temperature on a Fluoromax-
4 spectrofluorometer with a Xe plasma lamp (Horiba Scientific, Unterhaching) using
the software FluorEssence [47]. The received data were plotted using the software
OriginPro [28].
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3.4.3.1 Luminescence of Ce3+
Ce3+ is one representative as typical f–d emitter. These transitions are allowed and
thus relatively fast. A very prominent example of a yellow broad band phosphor is
Y3Al5O12:Ce3+ (YAG:Ce). [3, 4, 9, 48–50]. In combination with a blue light emit-
ting diode (LED) based on GaN [5] white light can be produced with efficiencies
comparable to halogen lamps [3, 4, 9, 49, 50]. Other Ce containing phosphors are
(Ce,Tb)MgAl11O19, LaPO4:Ce and SrAl12O19:Ce [3, 4, 9, 49, 51]. In the ground state
the term symbol of Ce3+ is 2F5/2 with the electronic configuration [Xe] 4f 1 5d0 6s0.
The excitation and emission wavelengths strongly depend from the ligand field split-
ting of the 5d orbitals. Stronger interaction of the ligands lead to a stronger ligand
field splitting and the emission is shifted to longer wavelengths of the electromag-
netic spectrum. Depending on the chemical surrounding emissions can be shifted
between 510 and 280 nm [3].
Common are phosphors, which are co-doped with Tb3+, e.g. MgAl11O19:Ce3+,Tb3+,
LaPO4:Ce3+,Tb3+ and GdMgB5O10:Ce3+,Tb3+. Ce3+ as sensitizer is a helpful tool to
intensify the desired emission of Tb3+. Excitation and emission occur on different
optical centres. Due to the overlap of the emission wavelength of Ce3+ with the
excitation wavelength of Tb3+, excited Ce3+ transfers its energy towards the Tb3+
centres, where intensified green emission occurs [3, 9, 49].
3.4.3.2 Luminescence of Eu3+
Eu3+ ([Xe]4f 6) is a typical f–f line emitter in the red spectral region and therefore
has applications in illumination and display technology [4, 50–52]. Next to the
more stable oxidation state +III, europium also occurs as Eu2+ [8], which will be
discussed in Chapter 3.4.3.3. In the ground state the term symbol of Eu3+ is 7F0. By
absorption of distinct energies of electromagnetic radiation, excitation to 5DJ , 5LJ
and 5HJ levels is possible [45, 46, 53]. As mentioned before, radiationless relaxation
processes occur to the lowest vibrational level 5D0, which are followed by emission in
the visible range to the electronic ground states 7FJ . The originally spin and parity
forbidden transitions, which become allowed by admixture of states of the opposite
parity lead to the well known emissions from 5D0 to the 7FJ levels (J = 0, 1, 2, 3, 4)
in the red region of the visible spectrum at around 580, 590, 620, 650 and 695 nm,
respectively. In comparison, the 5D0→7F5 and 5D0→7F6 transitions are of very weak
intensity in the near infrared region at around 750 and 810 nm [53].
Investigations of Blasse et al. exhibited varying intensity ratios of the main transi-
tions 5D0→7F1 and 5D0→7F2. In compounds with Eu3+ in a strict centre of symmetry
the 5D0→7F1 transition dominates as it is insensitive to the site symmetry [54]. As
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electric dipole transitions are strictly forbidden, this transition must be due to a
magnetic dipole transition. In contrast, if Eu3+ occupies a site with no centre of
symmetry, the dominant electric dipole transition is 5D0→7F2 due to admixture of
states of the opposite parity. Transitions with ∆J = 2, 4 or 6 are now allowed and
are called hypersensitive. Usually small deviations from inversion symmetry occur
and lead to 5D0→7F1 and 5D0→7F2 transitions of similar intensity [55, 56]. As 4f
electrons are well shielded, there is only a small influence of the crystal field on the
ion in the host lattice with a crystal field splitting of the energy levels of about
100 cm−1. Therefore only a small shift in the emission wavelength can be achieved
by varying the corresponding ligands [10].
Eu3+ containing red phosphors found their application in the illumination sector.
Initially they were only present in high pressure mercury discharge lamps, e.g.
Y(V,B,P)O4:Eu3+ [3, 49]. Later application was in low pressure mercury discharge
lamps (fluorescent lamps), so-called Color 80 lamps, e.g. Y2O3:Eu3+, using the tri-
color concept, where three narrow band emitters with emission maxima at around
450, 540 and 610 nm are combined [3, 49, 57].
3.4.3.3 Luminescence of Eu2+
Due to its parity allowed broad f–d transitions in the visible range, Eu2+ has been
established as an efficient absorber and emitter in compounds used as phosphors for
high quality fluorescent lamps (e.g. BaMgAl10O17:Eu2+ (BAM) [9], Sr4Al14O25:Eu2+
and Sr5(PO4)3Cl:Eu2+ [49]). Further compounds such as Ba2Si5N8:Eu2+ [49, 58],
Sr2Si5N8:Eu2+ and Eu2Si2O2N2:Eu2+ [58, 59] reveal great potential for optical ap-
plications. Doping of compounds containing Sr2+, Ca2+ or Ba2+ ions with divalent
europium is suitable due to their similar ionic radii (rEu2+ = 1.17 pm, rCa2+ = 1.00 pm,
rSr2+ = 1.18 pm, rBa2+ = 1.35 pm) [60, 61]. In the ground state the term symbol of
Eu2+ is 8S7/2 with the electronic configuration [Xe] 4f 7 5d0 6s0. The coordination
sphere has a strong influence on the ligand field splitting of the 5d orbitals. The
stronger the interaction of the ligands with Eu2+ the larger is the ligand field split-
ting of the 5d orbitals. Thus the lower 5d orbitals approach the 4f orbitals and
the excitation of an electron into the lower 5d levels is shifted to the visible re-
gion of the electromagnetic spectrum. Emissions of Eu2+ containing compounds
can range from the UV (BaFBr:Eu2+ [62]), to the blue (BaMgAl10O17:Eu2+ (BAM),
λmax = 453 nm [9, 63]) and green (Eu2Si2O2N2:Eu2+, λmax = 575 nm [58, 59]) up to
the red (Ba2Si5N8:Eu2+, λmax = 610 nm [58, 59]) region of the visible spectrum. This
reveals a great opportunity for tuning emission maxima by varying the type of lig-
ands.
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3.4.3.4 Luminescence of Tb3+
As most of the ternary lanthanides Tb3+ ([Xe]4f 8) is a typical f–f line emitter in
the green-yellow spectral region [9, 49]. In the ground state the term symbol of
Tb3+ is 7F6 [45, 46, 64]. Excitation occurs in the UV region and via radiationless
relaxation processes the system relaxes into the lowest vibrational level 5D4 followed
by emission to the electronic ground states 7FJ . The well known emissions from
5D4 to the 7F6, 7F5, 7F4 and 7F3 level occur in the green-yellow region of the visible
spectrum at around 490, 543, 583 and 617 nm, respectively. The transitions from
5D4 to 7F2, 7F1 and 7F0 are very weak in the orange-red region at around 645, 664
and 674 nm, respectively. [64].
In the past Tb3+ has been studied for phosphor and laser applications [65] and is
used in the meantime in conversion phosphors for high quality fluorescent lamps
[9, 66].
3.4.3.5 Luminescence of Dy3+
The energy level diagram of the f–f line emitter Dy3+ ([Xe]4f 9) was well inves-
tigated by Carnall et al.. In the ground state it adopts the term symbol 6H15/2.
Excitation occurs in the UV region and due to internal relaxation processes all vis-
ible emissions occur from the lowest vibrational level 6F9/2 to the 6H15/2, 6H13/2 and
6H11/2 electronic ground states as white emission [67]. Additionally, a weak emission
at 450 nm can be observed, which can be assigned to the 4F7/2→6H13/2 transition.
Next to a hypersensitive transition in the near infrared region at around 1300 nm
[67–69], Dy3+ also exhibits a hypersensitive transition in the yellow region at around
570 nm, which can be assigned to the 4F9/2→6H13/2 transition [54, 70]. As discussed in
Chapter 3.4.3.2 the hypersensitive transition of the corresponding Ln3+ ion strongly
depends on its site symmetry. If the surrounding of Dy3+ reveals a high symme-
try, the electric dipole transition is forbidden and therefore rather weak compared
to the 4F9/2→6H15/2 transition. If the surrounding of Dy3+ is of low symmetry, the
4F9/2→6H13/2 transition is more intense.
Dy3+ is used in metal halide lamps. In addition to mercury, metal halogenides, e.g.
NaI, LnI3 (Ln= Dy, Ho, Tm), are added. Iodine containing compounds posses the
advantage of bringing hardly vaporizable metals into the gas phase at a moderate
temperature, where they can dissociate partially and generate line emission [50, 52].
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3.4.3.6 Optical Properties of Ho3+
The energy level diagram of the f–f line emitter Ho3+ ([Xe]4f 10) was also well in-
vestigated by Carnall et al.. In the ground state it adopts the term symbol 5I8
[67]. Due to the large number of neighboring energy levels in pure Ho3+ compounds,
efficient fluorescence extinction via reabsorption occurs [71]. Hence only absorp-
tion and reflection spectra for investigation of optical properties can be measured,
respectively.
Holmium compounds comprise an optical phenomenon called the alexandrite ef-
fect, named after the mineral alexandrite, BeAl2−xCrxO4, which is a variety of
chrysoberyl. Depending on the incident light source, the observed body colour
changes from green in sunlight to reddish purple in artificial light [72–74]. In con-
trast to holmium compounds, Cr3+ containing compounds are subject to a strong
influence of the ligands on the 3d orbitals of the Cr3+ ions. Replacing Al3+ partially
by Cr3+ ions leads to crystal field splitting and due to the different spectral com-
position of artificial and daylight the alexandrite effect occurs. In Ho3+ containing
compounds only 4f–4f transitions occur, which are nearly independent on the sur-
rounding ligand field. The typical absorption bands occur in the UV-Vis region.
Exposed to sunlight, holmium containing compounds absorb more radiation with
blue content and the reflected light appears yellow. In contrast, artificial light (e.g.
Color 80 lamps) exhibits narrowband emissions in the blue, green and red region of
the visible spectrum. The green emission is absorbed by the holmium compound
and the reflected light appears pink. Exactly at the wavelengths of the blue and
red emission bands of the artificial light no absorption of the holmium compound
occurs.
It is well known that Ho3+ ions doped in a host lattice can lead to short-wave laser
emission in the µm range [75–79]. Due to the large number of electronic levels
transitions occur in the visible and in the infrared region of the spectrum [79].
3.5 Magnetic Properties
The investigation of magnetic properties was used to confirm the corresponding
oxidation states of the metals and thus the stoichiometric composition of the syn-
thesised compounds. Depending on the presence of centres with magnetic moments,
compounds can show different magnetic behaviour. Diamagnetism is a phenomenon
that occurs in every material, as closed electron shells are always present to a certain
degree, but can be rather weak, if other magnetic properties are present as well. In
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contrast, paramagnetism occurs, if unpaired electrons in the valance shells of iso-
lated centers are present. They are sensitive to external magnetic fields and lead to
cooperative effects below specific phase transition temperatures, such as ferromag-
netism, where magnetic moments align parallel to each other, or antiferromagnetism,
where antiparallel arrangement of the magnetic moments occurs. A third common
possibility, ferrimagnetism, shows partial compensation of the magnetic moments
due to different absolute values.
The susceptibility χ is the dimensionless but temperature dependent proportionality
factor in the ratio of the magnetisation M⃗ (sum of atomic magnetic moments µ
per volume) of a compound to the external magnetic field H⃗ (Equation 3.17). In
a paramagnet the magnetisation M⃗ and the magnetic field H⃗ are proportional,
whereas in a diamagnetic material they are in inverse proportion [80].
M⃗ = χH⃗ (3.17)
Equation 3.17: Magnetisation M⃗ ; χ: susceptibility, H⃗: magnetic field [80].
In materials with centers of unpaired electrons magnetic dipoles are oriented ran-
domly and thus no directional magnetisation exists. Applying an external magnetic
field leads to orientation of the magnetic moments parallel to the magnetic field
in dependency on the present temperature. Due to the macroscopic magnetisation
parallel to the magnetic field, positive susceptibility values χmol are observed, which
increase with decreasing temperature (Curie paramagnetism) according to Curie’s
law (Equation 3.18) [80].
χmol = C
T
= µ0NAµ2
3kBT
(3.18)
Equation 3.18: Curie’s law: χmol: susceptibility, C: Curie constant, T : tempera-
ture, µ0: vacuum permeability, NA: Avogadro constant, µ: atomic magnetic mo-
ment, kB: Boltzmann constant [80].
The Curie constant C is a characteristic parameter for a material and can be de-
picted as gradient, when the reciprocal susceptibility χ−1 is plotted against the tem-
perature T . Curie’s law is invalid below a critical temperature and above a critical
magnetic field due to saturation magnetisation.
In general, the susceptibility χmol of a paramagnetic material is described by the
Curie-Weiss law (Equation 3.19), where cooperative effects between adjacent centers
are included [80].
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χmol = C
T −Θ (3.19)
Equation 3.19: Curie-Weiss law; χmol: susceptibility, C: Curie constant, T : tem-
perature, Θ: parameter for temperature correction [80].
Equation 3.18 is solved for µeff in Bohr magnetons µB per magnetic ion by replacing
µ (Equation 3.20) and insertion of the values of the constants. For investigation of
the magnetic properties of a material the obtained values for µeff are compared with
theoretical values.
µeff = √3kBC
µ0NA
≈ √4piC ⋅ 0.79773 (3.20)
Equation 3.20: Effective magnetic moment µeff; kB: Boltzmann constant,
C: Curie constant, µ0: vacuum permeability, NA: Avogadro constant, µB: Bohr
magneton [80].
The theoretical value of µeff can be calculated on the basis of the electron configura-
tion with respect to the quantum numbers S (total spin) and L (total orbital angular
momentum)(Equation 3.21). The weak influence of the LS (Russell-Saunders) cou-
pling leads to the total momentum J .
µeff = g√J(J + 1)µB (3.21)
Equation 3.21: Effective magnetic moment µeff; g: Lande´ factor, J : total mo-
mentum, µB: Bohr magneton [80].
The Lande´ factor g considers the contributions of spin and angular momentum
(Equation 3.22). A term symbol 2S+1LJ with 2S+1 as the multiplicity describes the
Russell-Saunders term. For the determination of S and L a scheme found in the
literature is used [80].
g = 1 + J(J + 1) + S(S + 1) −L(L + 1)
2J(J + 1) (3.22)
Equation 3.22: Lande´ factor g; J : total momentum, S: total spin, L: total or-
bital angular momentum [80].
This approximation works very well for rare-earth ions taking into account that the
well shielded f electrons are responsible for the magnetic properties. Interactions
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with the crystal lattice are negligible and rare-earth ions can thus be treated as free
ions.
Due to strong interactions between 3d metal ions and ligands, no approximation for
isolated ions can be applied. Instead the approach depends on the strength of the
surrounding ligand field. Generally one can presume that the angular momentum is
rather small compared to a strong ligand field and the effective magnetic moment
µeff simplifies to the “spin-only“ scenario (Equation 3.23).
µeff = 2√S(S + 1)µB (3.23)
Equation 3.23: Effective magnetic moment µeff; S: total spin, µB: Bohr mag-
neton [80].
The temperature dependent magnetic susceptibility data were recorded on a MPMS-
XL superconducting quantum-interference device (SQUID) magnetometer (Quan-
tum Design Inc., San Diego, USA) in a magnetic field of 1000 Oe and in a tempera-
ture range of 1.8 K<T< 400 K.
3.6 Thermogravimetric Properties
To study the thermal stability of the synthesised compounds, thermogravimetric
measurements were carried out. A small amount of the sample (15–30 mg) was filled
in a special alumina crucible and was heated with a constant heating rate to a certain
temperature. Depending on temperature and time, mass loss was observed. Possible
occurring processes are vaporization, sublimation, desorption, decomposition and
oxidation.
Thermogravimetric measurements were carried out on a STA-409 PC thermal ana-
lyzer (Netzsch, Selb) in the temperature range of 22–1350 °C in nitrogen or forming
gas (H2/N2) flow (70 mL min−1) with a heating rate of 5–10 °C/min. The maximum
temperature was held for 15 min before the cooling process to room temperature
started. The data were recorded with the software Netzsch STA [81] and was plot-
ted using the software OriginPro [28].
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4.1 Borates
Borates, the salts of the boric acid, reveal a large variety in structure and compo-
sition. Due to the possible coordination of three or four oxygen atoms in planar
BΦ3 or tetrahedral BΦ4 (Φ = O, OH) units (Figure 4.1), they provide an even more
manifold structural diversity than silicates [8, 82, 83].
Figure 4.1: Trigonal planar BΦ3 and tetrahedral BΦ4 (Φ = O, OH) groups;
boron turquoise, oxygen red.
Besides isolated units condensation ranges from isle, chain and layer to three-dimen-
sional network structures. Whereas in monoborates BΦ3 units are predominantly
represented, in oligoborates BΦ3 triangles and BΦ4 tetrahedra coexist. In nature
almost all borates are hydrated possessing both hydroxyl groups and crystal water.
Polyborates reveal besides condensed isle borates (e.g. Li2B4O7 [84]) a number of
high-pressure modifications, which exhibit networks of corner- and edge-sharing BO4
groups, (e.g. Dy4B6O15 [85]) [8, 83].
Condensed polyborates, which occur both in minerals and in synthetic inorganic
compounds, are characterised topologically by so-called FBBs (F undamental Buil-
ding B locks) and their structural units [82, 83]. According to Hawthorne [86–89] the
FBB represents a cluster of coordination polyhedra as a representative oligomeric
fragment, which is repeated to form usually a complex structural anionic unit.
Charge compensation is achieved by the presence of large low-valence interstitial
cations. Such classifications are important to simplify the comparison of crystal
structures enabling an additional insight on the bond topology. First attempts were
made by Christ and Clark, whose classification is based on three principal criteria:
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(1) the number of boron atoms n, (2) the number i of BΦ3 triangles ∆ and j of BΦ4
tetrahedra ◻ in the FBB and (3) the mode of polymerisation between the FBBs.
They proposed the notation n ∶ i∆+ j◻ for each FBB [82, 90]. By then only borates
exhibiting small FBBs with a maximum of six borate atoms were reported. Later
borates containing larger and more complex FBBs were solved and the nomenclature
of Christ and Clark could not distinguish clearly between FBBs. Burns et al. thus
proposed to include information on the connectivity of the polyhedra. Investigations
showed that borates strongly tend to form rings. Therefore the descriptor needs,
besides the information of (1), (2) and (3) (as above), (4) the presence of rings <>
and (5) their connectivity (−, =, ≡) within the FBB (Figure 4.2) [82, 83]. In this
work the descriptor proposed by Burns et al. for borates is used [82, 91].
Figure 4.2: Examples of borate polyhedra as three-membered ring
(∆2◻:<1∆2◻>, left) and two three-membered rings, that have two borate
tetrahedra in common (2∆2◻:<∆2◻>=<∆2◻>, right); BΦ3 light green, BΦ4
turquoise (Φ = O, OH) [82].
4.2 Phosphates
Analogously to the borates, phosphates represent the salts of the phosphoric acid
and its derivatives. In contrast, phosphorus is predominantly coordinated four-
fold. Via a heating process over 200 and 300 °C the diphosphoric and oligophos-
phoric acids are built, respectively. Further heating leads besides the formation of
cyclic metaphosphoric acids (PnO3n)n− also to branched iso- or ultraphosphoric acids
((P(2m+n)O(5m+3n))n− or (P(n+2)O(3n+5))n−) (Figure 4.3) [8, 92].
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Figure 4.3: Condensation scheme of phosphoric acid.
The nomenclature of condensed phosphates gives the information of the number of
phosphate atoms, e.g. for n= 2, P2O4−7 = diphosphate anion. For very large n the
formula tends to (PnO3n)n− as an infinite chain and is thus called a polyphosphate
[92]. In contrast to the nomenclature of borates introduced by Burns and Grice
[82, 83], no structural information is given.
Condensed trivalent phosphates reveal a great structural variety. Next to cyclic
[P3O9]3− units (e.g. in Ce(P3O9)⋅3H2O [93], MNa3(P3O9)2⋅9H2O (M = Bi [94], Er
[95], Y [96]), RE (P3O9)⋅5H2O (RE = Pr, Nd) [97]) also [P4O12]4− rings (e.g. in
Ba2(P4O12)⋅3.5H2O [98], Lu4(P4O12)3 [99], M 2P4O12 (M = Mg, Mn, Fe, Co, Ni,
Cu [100, 101])) exist. Ultraphosphates with the general sum formula M P5O14
(M = trivalent cation) tend to build polymorphs in four different structure types:
SmP5O14 (Type I) [102], HoP5O14 (Type II) [103], HoP5O14 (Type III) [104] and
CeP5O14 (Type IV) [105]. Lanthanide polyphosphates, which attracted interest due
to their properties as efficient laser materials or phosphors, include besides the sum
formula Ln(PO3)3 also lanthanide hydrogen-polyphosphates Ln[H(PO3)4]. A large
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number of mixed trivalent monovalent cation polyphosphates (M IIIM I(PO3)4) is
known exhibiting seven different structure types (Table 4.1) [92].
Table 4.1: Distribution of the seven structure types among the mixed trivalent
monovalent cation polyphosphates M IIIM I(PO3)4 [92]
Type M I/M III
I Li/La–Lu
II Na/Bi, La–Er
Ag/Nd
III K/Bi, La–Er
IV K/Er–Lu
NH4/Bi
Rb/Ce, Nd–Lu
Cs/La, Pr–Er
Tl/Nd
V K/Tm–Lu
VI Rb/La, Pr–Er
Cs/La–Er
VII K/Er
NH4/Y
Tetraphosphates as one representative of oligophosphates include already quite a
number of compounds, whereas many of them form cyclophosphates. Up to now
divalent cation tetraphosphates are only known of strontium (Sr3P4O13 [106]) and
barium (LT-Ba3P4O13 [107, 108] and Ba3P4O13 [107, 109]).
In 1986 Millet et al. determined the unit cell parameters of LT-Ba3P4O13
(a= 5.757 A˚, b= 7.243 A˚, c= 8.104 A˚, α= 82.75 °, β= 73.94° and γ= 70.71°) and HT-
Ba3P4O13 (a= 7.107 A˚, b= 13.883 A˚, c= 19.219 A˚) by indexing the corresponding
powder diffractograms. The temperature of transformation of the two polymorphs
was determined to occur at 870 °± 10 °C [107].
A few years later in 1991 Gatehouse and Platts took up this issue and investi-
gated the structure of LT-Ba3P4O13 crystallising in the triclinic space group P 1¯ with
unit cell parameters of a= 5.691(5) A˚, b= 7.238(7) A˚, c= 8.006(5) A˚, α= 83.65(5) °,
β= 75.95(8)° and γ= 70.49(7)° [108]. These values fit very well to those determined
by Millet et al..
In 2002 Bennazha et al. reported the single-crystal structure of LT-Ba3P4O13,
which was synthesised at 900 °C [109]. According to Millet et al. the tempera-
ture of transformation occurs at 870 °± 10 °C [107]. Thus, the discussed single-
crystal structure should represent HT-Ba3P4O13. It crystallises in the triclinic space
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group P 1¯ with unit cell dimensions of a= 7.557(1) A˚, b= 8.618(1) A˚, c= 10.582(1) A˚,
α= 108.26(1) °, β= 104.50(1)° and γ= 102.37(1)°. In contrast to LT-Ba3P4O13 by
Gatehouse and Platts (V =301.4 A˚3) this unit cell exhibits a doubled volume
(V =600.65(12) A˚3). The comparison with the determined unit cell parameters of
HT-Ba3P4O13 by Millet et al. reveals a distant resemblance as halfed b and c axes,
but no obvious relationship. For the data collection a small θ range between 6.2–
12.8° was measured and the ratio of the R values (R1 = 0.032, wR2 = 0.099) is rather
1:3 instead of 1:2, which could indicate that the determination of the cell param-
eters might not be correct. For a clear determination the HT-structure of Ba3P4O13
should be revised.
Strontium or barium tetraphosphates doped with Eu3+ or Eu2+ were characterised
for potential applications as luminescent materials [110, 111].
4.3 Borophosphates
Borophosphates combine both structural properties of borates and phosphates and
are furthermore in many cases isoelectronic to silicates [13, 112, 113]. Although
nomenclature following IUPAC (I nternational U nion of Pure and Applied C hemis-
try) would name such compounds as ”phosphatoborates”, ”borophosphates”has been
used generally in literature and is also used in this work. Compared to other com-
pounds their history is rather young. Bauer first reported in 1965/1966 the synthesis
and X-ray powder diffraction pattern of the isostructural phases M II [BPO5] (M II =
Ca, Sr, Ba) [114, 115]. Finally the crystal structures of M II [BPO5] (M II = Ca,
Sr) were solved by Kniep et al. in 1994 [112]. Within a few years the num-
ber of borophosphate compounds increased strongly and a first attempt to order
borophosphate compounds according to their structures followed in 1998 by Kniep
et al. [116]. In general, the authors distinguished between anhydrous and hydrated
borophosphates. By then the number of hydrated borophosphates was already way
larger than of anhydrous compounds. In 2007 Ewald and Kniep [13] represented
a very detailed review of a systematic classification of borophosphates distinguish-
ing first of all between tetrahedral and mixed coordinated partial structures, fol-
lowed by the B:P ratio of the so-called BBUs (Basic Building U nits) and FBUs
(F undamental Building U nit) as representative oligomeric fragments, the dimen-
sionality (e.g. chains, layers, networks) and the degree of protonation (O:OH). It
was observed that certain B:P ratios appear predominantly and some connection
patterns are found more frequently. The classification of borophosphates is over-
taken analogously from (alumo)silicates introduced by Liebau [113] and from borate
chemistry [82, 83]. BBUs represent the simplest un- or open-branched oligomers
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of which the more complex FBUs can be created. In general, borophosphate com-
pounds are referred to as MxOy–B2O3–P2O5(–H2O) (M = main group/transition
metal) compounds, which can also incorporate organic molecules/cations. Boron
and phosphorus are exclusively coordinated by oxygen and hydroxyl groups. Phos-
phorus always adopts the coordination PΦ4 (Φ = O, OH), while boron can be coor-
dinated in a trigonal planar BΦ3 or tetrahedral BΦ4 manner. One structural feature
– the B–O–P linkage – all borophosphates have in common. Until now no P–O–P
linking has been observed. According to Pauling’s fourth rule concerning the nature
of contiguous polyhedra, cations possessing a high charge and a low coordination
sphere do not tend to share these polyhedra with one another [117]. A similar phe-
nomenon occurs in alumosilicates, where according to Loewenstein Al–O–Al linkages
of tetrahedra are rarely observed [118]. According to the notation introduced for
borates by Burns and Grice [82, 83] the descriptor of the BBU/FBU in borophos-
phates also reveals two strings of the type A:B. A gives the number of participating
polyhedra and B includes the structural information of the connection. The symbols
used in descriptors are presented in Table 4.2 and subsequently some examples for
FBUs are shown in Figure 4.4 [13].
Table 4.2: Selected symbols used in descriptors [13]
Symbol Description◻ tetrahedron
∆ trigonal planar<...> ring motif
[...] branching polyhedron
| separator for branches−, =, ≡ structural motifs share 1, 2, 3 common polyhedra
Figure 4.4: Examples of FBUs in borophosphates;
(1) 3◻:3◻ (uB trimer), (2) 4◻:[◻]◻|◻|◻| (oB trimer), (3) 5◻:<4◻>◻ (oB ring),
(4) 5◻:<3◻>=<3◻>◻ (olB ring); phosphate tetrahedra blue, borate tetrahedra
turquoise.
Due to the analogy in silicates, certain terms for the description of borophosphate
anions were taken over [113] (Table 4.3).
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Table 4.3: Selected terms for the description of borophosphate anions according
to the concept for silicates [13, 113]
Term Description
Branchedness B= uB, oB, cB, lB, olB, ...
(unbranched, open-, cyclo-, loop, open-loop-branched)
Dimensionality D= 0, 1, 2, 3
(oligomer or ring, chain, layer, network)
Multiplicity M = 1, 2, 3, ...
(single, double, triple, ...)
Periodicity P = 1, 2, 3, ...
(einer, zweier, dreier, ...)
The parameter branchedness B describes the connection pattern of complex anions.
In Figure 4.5 a selection of different types of branching in chain borophosphates is
presented [13, 113].
Figure 4.5: Different types of branching in borophosphates; uB (unbranched),
oB (open-branched), lB (loop-branched), olB (open-loop-branched); phos-
phate tetrahedra blue, borate tetrahedra turquoise.
The dimensionality D indicates the extent of the spatial extension of the sequence to
either oligomers, rings (D= 0), chains (D= 1), layers (D= 2) or networks (D= 3).
The multiplicity M gives the number of identical assembled anions which are con-
nected to multiple anions in the same dimensionality. The number of polyhedra in
the repetitive unit of the linear part of the chain is defined as the periodicity P
[13, 113].
BPO4 is the simplest representative in the borophosphate family, which exhibits an
isostructural relationship to the polymorphic modifications of SiO2 [8, 119].
Borophosphates reveal a manifold structural chemistry and a great variety of con-
nection patterns which leads to a large field of possible applications, e.g. as magnetic
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materials (e.g. (NH4)0.4Fe(II)0.55Fe(III)0.5(H2O)2[BP2O8]⋅0.6H2O [120], M II [BPO4
(OH)2] (M II = Mn, Fe, Co) [121], (NH4)2Mn(II)[B2P3O11(OH)2]Cl [122]), as pos-
sible storage materials with framework structures (e.g. (NH4)Fe(III)[BP2O8] [120],
Na[ZnBP2O8] [123], (C4N3H16)[Zn3B3P6O24]⋅H2O [124]) or as luminescent materials
(e.g. (Ba,Sr)1−xEuyBPO5 (0≤x≤0.5, 0.003≤y≤0.15) [125], CaBPO5:RE (RE= Ce3+,
Sm3+, Eu2+, Eu3+, Tb3+, Dy3+) [126], Sr6[B(PO4)4PO4]:Eu2+ [127] and
KMn[BP2O7(OH2)] [128]).
In contrast, borate-phosphates possess isolated BΦ3, BΦ4 and PΦ4 (Φ = O, OH)
units and are not classified as borophosphates [13].
4.4 Borosulphates
In contrast to borophosphates, borosulphates exhibit B–O–S linkage and represent
an even younger compound class. In 2012 the crystal structure of the first borosul-
phate K5[B(SO4)4] was published by Ho¨ppe et al. [129], which will be presented in
this work. Since then a great variety in structure and composition developed. The
nomenclature is overtaken directly from borophosphates [13]. Sulphates do not show
a strong tendency to build S–O–S linkage as oligoanions following Pauling’s fourth
rule [8, 117]. Nevertheless, examples of oligosulphates are already known [130–133].
Up to now borosulphate compounds exist with B:S ratios of 1:1, 1:2, 1:3, 1:4 and
2:3. B2S2O9 with a B:S ratio of 1:1 was synthesised by Logemann and Wickleder
and is the simplest representative in the borosulphate family. It comprises an uB
sechser-single ring 6◻:<6◻> as FBU. The uB vierer-double layer shows phyllosilicate
topology (Figure 4.6) [134].
Borosulphates possessing B:S ratios between 1:2 and 1:4 are up to now compounds
with exclusively monovalent cations with one exception, which will also be discussed.
All compounds with a B:S ratio of 1:2 have in common the [B(SO4)2]− anion, which
adopts one typ of FBU: the uB trimer 3◻:3◻ in AI [B(SO4)2] (AI = H3O [135], Li
[136], Na, K, NH4 [137]), which forms a lB vierer-single chain for AI = H3O, Na, K,
NH4 and an oB sechser network in Li[B(SO4)2], respectively (Figure 4.7).
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Figure 4.6: uB sechser-single ring 6◻:<6◻> as FBU (left), which forms an
uB vierer-double layer (right); sulphate tetrahedra yellow (top layer) and or-
ange (bottom layer), borate tetrahedra turquoise (top layer) and blue (bottom
layer).
Figure 4.7: FBU with a B:S ratio of 1:2: uB trimer 3◻:3◻ forming a lB vierer-
single chain (top) and an oB sechser network (bottom), respectively; sulphate
tetrahedra yellow, borate tetrahedra turquoise.
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Borosulphate compounds with a B:S ratio of 1:3 reveal three different FBUs.
Whereas the FBU of AI3[B(SO4)3] (A
I = K, Rb) [136] represents an oB tetramer
4◻:[◻]◻|◻|◻| and forms an oB vierer-single chain, the FBU of AI [B(SO4)(S2O7)]
(AI = H, Cs) exhibits an oB dreier-single ring 4◻:<3◻>◻, which forms a cB vierer-
single chain (Figure 4.8). Gd[B(SO4)3] [138, 139] possesses an oB vierer-single ring
8◻:◻|◻<4◻>◻|◻ as FBU, which is present in the structure as oligomer.
Figure 4.8: FBUs with a B:S ratio of 1:3: oB tetramer 4◻:[◻]◻|◻|◻| forming
an oB vierer-single chain (top), an oB dreier-single ring 4◻:<3◻>◻ forming an
cB vierer-single chain (middle) and an oB vierer-single ring 8◻:◻|◻<4◻>◻|◻
(bottom); sulphate tetrahedra yellow, borate tetrahedra turquoise.
Borosulphates with a B:S ratio of 1:4 show the largest number of representatives
up to now exhibiting two different FBUs. An oB pentamer 5◻:[◻]◻|◻|◻|◻| as
FBU is present in AI5[B(SO4)4] (A
I = Li [137], Na-I, Na-II [136], K [129]) and in
K4[HB(SO4)4] [140], which exists in the structure as oligomer. A further structure
type possessing a disulphate unit is represented in AI [B(S2O7)2] (AI = Li [136], Na,
K, NH4 [137]) revealing a lB dreier-single ring 5◻:<3◻>−<3◻>, which exists in the
structure as oligomer (Figure 4.9).
4 Compound Classes 45
Figure 4.9: FBUs with a B:S ratio of 1:4: oB pentamer 5◻:[◻]◻|◻|◻|◻| (left)
and lB dreier-single ring 5◻:<3◻>−<3◻> (right); sulphate tetrahedra yellow,
borate tetrahedra turquoise.
So far Ba[B2S3O13] [140] is the only alkaline earth borosulphate whose crystal struc-
ture is solved. The B:S ratio of 2:3 is also found for B:P in borophosphates [122, 141–
144]. The well-known oB dreier-single ring 5◻:◻<3◻>◻ as FBU builds a lB zweier-
double chain (Figure 4.10).
Figure 4.10: FBU with a B:S ratio of 2:3: oB dreier-single ring 5◻:◻<3◻>◻
(left) forming a lB zweier-double chain (right); sulphate tetrahedra yellow,
borate tetrahedra turquoise.
Although up to now borosulphates exhibit a few cations from the group of the
alkaline, alkaline-earth and lanthanide metals, they represent an interesting class of
compounds due to the already existing structural variety.

5 The Borate
Cs2[B10O14(OH)4]⋅H2O
The heavy alkaline pentaborate hydrates already attracted attention more than 40
years ago. In 1966 besides investigations of borate anhydrides Kocher published
results about investigations in the systems Rb2O-B2O3-H2O and Cs2O-B2O3-H2O.
Different hydrated pentaborates were studied via thermogravimetry. The caesium
pentaborate heptahydrate (Cs2O-5B2O3-7H2O) revealed a thermal stability up to
60 °C. The thermal investigation under pressure confirmed the existence of further
two hydrated pentaborates, Cs2O-5B2O3-8H2O and Cs2O-5B2O3-2H2O, respectively.
According to Kocher the phase diagram of the system caesium pentaborate-water is
still incomplete [145]. A few years later Benhassaine pursued the investigations on
the hydrated pentaborates of rubidium and caesium [146]. He reported of three novel
compositions in the ternary system: α-caesium pentaborate octahydrate (α-Cs2O-
5B2O3-8H2O), caesium pentaborate tetrahydrate (Cs2O-5B2O3-4H2O) and caesium
pentaborate trihydrate (Cs2O-5B2O3-3H2O). He described the thermal decompo-
sition of the novel compounds, which loose one water molecule after the other
in defined steps. A graphical presentation was not included. Furthermore, he
claimed that Cs2O-5B2O3-3H2O is ”identical” to Tl2O-5B2O3-3H2O investigated by
Touboul [147]. Up to now no structural investigations were performed. The ti-
tle compound Cs2[B10O14(OH)4]⋅H2O could be abbreviated as Cs2O-5B2O3-3H2O
and thus could be the compound described by Benhassaine in 1972. Therefore,
besides the crystal structure and optical properties also the thermal properties of
Cs2[B10O14(OH)4]⋅H2O are investigated.
5.1 Synthesis
Cs2[B10O14(OH)4]⋅H2O was synthesised under hydrothermal conditions. A mixture
of 152.7 mg (0.4687 mmol) Cs2CO3 and 347.2 mg (5.615 mmol) H3BO3 was ground
in an agate mortar, transferred into a 10 mL Teflon autoclave and kept at 195 °C.
After seven days a colourless solid was obtained. The product was washed with hot
water, filtered off and dried in air overnight.
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Cs2[B10O14(OH)4]⋅H2O was doped with 5.0 mol% Eu3+ by substituting the corres-
ponding amount of Cs2CO3 by 5.0 mol% (10.03 mg) Eu(NO3)3⋅5H2O.
5.2 X-Ray Powder Diffraction
The phase purity of the polycrystalline sample was checked by X-ray powder diffrac-
tion. Via a Rietveld analysis (Figure 5.1) the structure of Cs2[B10O14(OH)4]⋅H2O was
refined using the structure data of Rb2[B10O14(OH)4]⋅H2O [15] as starting model.
In their publication Belokoneva et al. determined half of the moiety formula as
sum formula (Rb[B5O7(OH)2]⋅0.5H2O) with Z = 4 instead of 2. The refinement was
carried out in the range between 5–140 °2θ. Initially, zero point, scale factor and
lattice parameters were refined. Subsequently the background was fit manually by
linear interpolation and the reflection peak shape was fitted using the pseudo-Voigt
function. Additionally, four different asymmetry factors were refined. The atomic
coordinates of the starting model were refined individually. Temperature factors
(Biso), site occupancies and the hydrogen atoms present in this structure were not
included in the refinement. Due to the dimensions of the unit cell and the measuring
method preferred orientation was considered as well.
Figure 5.1: X-ray powder diffraction pattern and result of the Rietveld refine-
ment for Cs2[B10O14(OH)4]⋅H2O.
Cs2[B10O14(OH)4]⋅H2O crystallises isotypically to Rb2[B10O14(OH)4]⋅H2O in the tri-
clinic space group P 1¯ with the lattice parameters a= 7.8038(2) A˚, b= 9.1840(2) A˚,
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c= 12.3403(3) A˚, α= 98.979(2)°, β= 106.345(1)° and γ= 91.081(2)°. The structure
was refined to very good residuals of Rp = 0.013, Rwp = 0.018 and χ2 = 3.28. Besides
the Gaussian peak width parameters, the asymmetry and preferred orientation pa-
rameters are also in a good range (Table 5.1). The refined atomic coordinates,
isotropic displacement factors (Biso), selected interatomic distances and angles and
hydrogen bonds are summarised in Tables 5.2 to 5.4. The Rietveld analysis revealed
a phase pure sample of Cs2[B10O14(OH)4]⋅H2O. Via EDX spectroscopy the presence
of caesium was proved.
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Table 5.1: Rietveld refinement parameters of Cs2[B10O14(OH)4]⋅H2O; standard
deviations in brackets
Sum formula Cs2[B10O14(OH)4]⋅H2O
Molar weight / g⋅mol−1 683.96
Crystal system triclinic
Space group P 1¯ (no. 2)
Colour colourless
a / A˚ 7.8038(2)
b / A˚ 9.1841(3)
c / A˚ 12.3403(3)
α / ° 98.979(2)
β / ° 106.345(2)
γ / ° 91.081(2)
Volume / A˚3 836.44(4)
Z 2
Calculated density Dx / g⋅cm−3 2.716
Radiation Cu-Kα
Wavelength λ / A˚ 1.5406
Diffractometer Bruker D8 Advance
Theta range / ° 5.00 ≤ 2θ ≤ 140.00
Step width / ° 0.02 2θ
Data points 7055
No. of atoms 37
Zero point 0.0190(6)
Scale factor 0.0015(0)
Profile function pseudo-Voigt
Gaussian peak width parameters / U | V | W 0.078(3) | -0.027(1) | 0.012(0)
Asymmetry parameters 0.0078(27), 0.0069(0),
0.0224(0), 0.0068(0)
Preferred orientation parameters 0.9672(22), 0.0821(0)
Refined parameters 111
Rp 0.013
Rwp 0.018
χ2 3.28
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Table 5.2: Refined atomic coordinates and isotropic displacement parameters
Biso / A˚
2 of Cs2[B10O14(OH)4]⋅H2O; standard deviations in brackets
Atom x y z Biso
Cs1 0.4920(4) 0.0576(3) 0.2541(3) 0.70
Cs2 −0.1007(4) 0.7064(3) 0.2096(2) 0.70
B1 −0.0034(72) 0.1407(58) 0.2659(47) 1.00
B2 0.4028(75) 0.6621(61) 0.2680(44) 1.00
B3 0.8163(70) 0.0517(53) 0.0602(46) 1.00
B4 0.0417(62) 0.2492(53) 0.1006(43) 1.00
B5 0.2251(74) 0.4819(58) 0.1143(44) 1.00
B6 0.4277(67) 0.6734(54) 0.0815(47) 1.00
B7 0.1626(68) 0.0404(56) 0.4275(44) 1.00
B8 −0.0006(71) 0.2507(54) 0.4619(45) 1.00
B9 0.5810(70) 0.6450(55) 0.4732(46) 1.00
B10 0.3650(71) 0.8277(56) 0.4412(45) 1.00
Obr1 −0.0552(30) 0.2346(23) 0.3536(22) 1.00
Obr2 0.1117(28) 0.1449(27) 0.5151(20) 1.00
Obr3 0.1246(32) 0.0472(25) 0.3232(21) 1.00
Obr4 0.8685(34) 0.0423(24) 0.1788(21) 1.00
Obr5 −0.0994(31) 0.1576(26) 0.0253(21) 1.00
Obr6 0.1025(30) 0.2490(24) 0.2279(20) 1.00
Obr7 0.1270(29) 0.3579(25) 0.0650(18) 1.00
Obr8 0.2928(34) 0.5461(26) 0.0349(20) 1.00
Obr9 0.4789(30) 0.7246(25) 0.1960(23) 1.00
Obr10 0.2693(34) 0.5348(29) 0.2152(21) 1.00
Obr11 0.5618(30) 0.6086(26) 0.3563(19) 1.00
Obr12 0.4866(34) 0.7570(25) 0.5116(19) 1.00
Obr13 0.3171(32) 0.7871(27) 0.3199(20) 1.00
Obr14 0.2953(32) −0.0601(26) 0.4925(19) 1.00
OH1 −0.0492(28) 0.3562(26) 0.5520(19) 1.00
OH2 0.6949(31) 0.9298(24) 0.0302(19) 1.00
OH3 0.4800(29) 0.7214(23) 0.0081(18) 1.00
OH4 0.7217(31) 0.5725(24) 0.5550(18) 1.00
OW 0.6430(27) 0.3687(25) 0.2334(22) 1.00
H1 0.8550 0.3851 0.5452 1.00
H2 0.3688 0.1008 0.0101 1.00
H3 0.5622 0.3041 0.1016 1.00
H4 0.2655 0.3619 0.3930 1.00
H5 0.7314 0.4336 0.2292 1.00
H6 0.7187 0.2980 0.2869 1.00
Obr = bridging oxygen atom; OH = hydroxyl group, OW = oxygen of water molecule
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Table 5.3: Selected interatomic distances / A˚ and angles / ° in
Cs2[B10O14(OH)4]⋅H2O; standard deviations in brackets
B∆–Obr 1.34(7)–1.41(6)
B◻–Obr 1.43(5)–1.54(5)
B–OH 1.39(7)–1.42(6)
Cs–O 2.80(2)–4.00(3)
B∆–Obr–B∆ 116(7)–131(7)
B◻–Obr–B∆ 119(7)–136(7)
Obr–B◻–Obr 105(4)–113(4)
O–B∆–O 114(5)–126(4)
B∆ = BO3; B◻ = BO4
Table 5.4: Distances / A˚ and angles / ° of the hydrogen bonds in
Cs2[B10O14(OH)4]⋅H2O; D : Donor, A: Acceptor
D–H A d(D–H ) d(H–A) (DHA) d(D–A)
OH1–H1 OH4 0.78 2.04 143 2.70
OH2–H2 OH3 0.69 2.01 149 2.62
OH3–H3 OW 1.09 1.58 168 2.66
OH4–H4 Obr6 0.79 2.16 149 2.87
OH4–H4 Obr12 0.79 2.35 93 2.52
OW–H6 Obr1 1.07 1.87 147 2.83
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5.3 Crystal Structure Description
Cs2[B10O14(OH)4]⋅H2O crystallises in the triclinic space group P 1¯ with two formula
units per unit cell. All atoms are located on the general Wyckoff position 2i. The
anionic partial structure of Cs2[B10O14(OH)4]⋅H2O comprises parallel zig-zag chains
(Figure 5.2 top) of corner-sharing borate tetrahedra, borate triangles and hydroxo-
borate triangles (Figure 5.2 bottom).
Figure 5.2: Top: Parallel lB sechser-single chains along [010]; boron turquoise,
oxygen red, hydrogen white. Bottom: Highlighted FBU in a lB sechser-single
chain in Cs2[B10O14(OH)4]⋅H2O; borate tetrahedra turquoise, borate triangles
green, hydrogen white.
The polyanion is constructed by pentameric 1∞[B5Φ9] (Φ = O, OH) units (Figure 5.2
bottom) exhibiting an O:OH ratio of 14:4. The lB sechser-single chains contain a
lB pentamer as FBU formed by four BΦ3 triangles and one BΦ4 tetrahedra (Figure
5.3), illustrated with the descriptor 4∆◻:<2∆◻>–<2∆◻> [13, 82, 83, 113].
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Figure 5.3: FBU as a lB pentamer 4∆◻:<2∆◻>–<2∆◻> in
Cs2[B10O14(OH)4]⋅H2O; borate tetrahedra turquoise, borate triangles
green, hydrogen white.
The boron atoms are coordinated both trigonally planar and tetrahedrally forming
BO3, BO3H and BO4 units. B◻–Obr bond lengths range between 1.44 and 1.55 A˚,
whereas B∆–Obr bond lengths lie between 1.35 and 1.42 A˚. B–OH distances are
between 1.40 and 1.43 A˚. The increase of bond lengths from B–OH<B∆–Obr<B◻–Obr
corresponds to data found in other monovalent pentaborates [15, 148, 149]. B–O–B
angles range between 114 and 132°, whereas O–B–O angles lie between 105 and 113°
(Ø = 110°). Selected bond lengths and angles of Cs2[B10O14(OH)4]⋅H2O are listed in
Table 5.3.
An appropriate method for the calculation of deviation of tetrahedra from ideal
symmetry was introduced by Balic´-Zˇunic´ and Makovicky [35, 36]. The two crystal-
lographically different borate tetrahedra feature the values −2.10 % (B1) and −1.70 %
(B2). Exhibiting a deviation of only slightly more than 1 %, tetrahedra can be clas-
sified as nearly regular. In general, structure solutions received from X-ray powder
diffractometry including a Rietveld refinement do not reveal atomic coordinates as
exactly as from single-crystal X-ray diffractometry. Thus, the relatively small degree
of deviation can be neglected.
In Cs2[B10O14(OH)4]⋅H2O the two caesium atoms are coordinated irregularly by ten
and fourteen oxygen atoms (Figure 5.4). Next to several bridging oxygen atoms
and one hydroxyl group both caesium atoms are coordinated by one water molecule,
which is unique in the unit cell. The Cs–O bond lengths range between 2.80–
4.00 A˚ (Table 5.3). These values agree with the sum of the ionic radii of Cs+,
which are 3.16 A˚ (CN = 10) and 3.3 A˚ (CN = 14), respectively [60]. Nevertheless, the
difference between the observed values compared to the theoretical distances can
5 The Borate Cs2[B10O14(OH)4]⋅H2O 55
be explained by the insufficient accuracy of the atomic positions from powder data.
The coordination numbers were also confirmed by MAPLE calculations (Chapter
5.4).
Figure 5.4: Coordination spheres of caesium in Cs2[B10O14(OH)4]⋅H2O.
According to Steiner [150] hydrogen bonds between 1.5 and 2.2 A˚ can be classified
as moderately strong, whereas hydrogen bonds larger than 2.20 A˚ can be assigned
as weak. In Figure 5.5 all moderately strong (dotted orange) and weak (dotted vio-
let) hydrogen bonds are depicted, existing between bridging and protonated oxygen
atoms and the water molecule (Table 5.4). Similar values for hydrogen bonds were
also found in other alkaline pentaborate hydrates [14, 15, 148, 149, 151].
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Figure 5.5: Moderately strong (dotted orange) and weak (dotted violet) hy-
drogen bonds in Cs2[B10O14(OH)4]⋅H2O.
5.4 Electrostatic Calculations
The coordination number of caesium (Table 12.1) and the electrostatic consistency
of the structure model were proved by calculations based on the MAPLE concept
(= Madelung Part of Lattice Energy) [32, 33, 152]. A structure model is electro-
statically consistent if the sum of MAPLE values of chemically similar compounds
deviates from the MAPLE value of the compound of interest by less than 1 %.
According to the calculations, the structure model of Cs2[B10O14(OH)4]⋅H2O thus
shows electrostatic consistency, as presented in Table 5.5.
Table 5.5: MAPLE calculations for Cs2[B10O14(OH)4]⋅H2O [32, 33, 152]
Cs2[B10O14(OH)4]⋅H2O Cs2O [153] + 5 B2O3 [154] + 3 H2O [155]
MAPLE = 126976 kJ⋅mol−1 MAPLE = 127199 kJ⋅mol−1
∆ = -0.2 %
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5.5 Spectroscopic Properties
5.5.1 IR Spectroscopy
The infrared spectrum of Cs2[B10O14(OH)4]⋅H2O was recorded between 4000 and
400 cm−1 and is shown in Figure 5.6. The positions of the bands and the corres-
ponding assignments are given in Table 5.6.
Figure 5.6: Infrared spectrum of Cs2[B10O14(OH)4]⋅H2O.
Table 5.6: Position / cm−1 and assignment of the IR bands in
Cs2[B10O14(OH)4]⋅H2O
Position Assignment
3500–3090 ν(OH) [156, 157]
1555–1240 δ(OH) [156]
1100–920 νas(BO) [156, 158]
777, 669 νs(BO) [156, 158]
604, 521, 459 δ(BO) [156, 158]
The bands between 3500–3090 and 1555–1240 cm−1 can be assigned to the stretching
and deformation vibrations of the OH groups [156, 157]. Asymmetric and symmetric
B–O stretching vibrations occur between 1100–920 and at 777 and 669 cm−1, respec-
tively. Characteristic bands of B–O bending vibrations are found at 604, 521 and
459 cm−1, respectively [156, 158].
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5.5.2 Fluorescence Spectroscopy
In order to investigate the optical properties of Cs2[B10O14(OH)4]⋅H2O, the host
structure of Cs2[B10O14(OH)4]⋅H2O was doped with 5.0 mol% Eu3+ (synthesis see
Chapter 5.1). The charge compensation due to the partial occupation of Cs+ lattice
sites by Eu3+ ions is presumably accomplished by vacancies. Under excitation with
UV light at 254 nm Cs2[B10O14(OH)4]⋅H2O:Eu3+ shows a weak red fluorescence. The
fluorescence spectrum (Figure 5.7) shows the characteristic f–f emissions of Eu3+
[53]. Between 230 and 280 nm a broad band in the excitation spectrum reveals an
O2−→Eu3+ charge-transfer.
Figure 5.7: Excitation (black) and emission (red) spectrum of
Cs2[B10O14(OH)4]⋅H2O:Eu3+.
Under excitation at 392 nm Cs2[B10O14(OH)4]⋅H2O:Eu3+ exhibits sharp emission
lines between 550 and 750 nm, which can be assigned to the 5D0→7F0 (554 nm),
5D0→7F1 (594 nm), 5D0→7F2 (613 nm), 5D0→7F3 (651 nm), 5D0→7F4 (701 nm) and
5D0→7F5 (750 nm) transitions of Eu3+ [53]. The most intense transition 5D0→7F2
at 614 nm is called hypersensitive due to its sensitivity to the surrounding of Eu3+.
It is dominant over the 5D0→7F1 transition because of the asymmetric surround-
ing of Eu3+ in Cs2[B10O14(OH)4]⋅H2O:Eu3+, which proves its occupation of Cs+ sites
[55, 56].
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5.6 Thermal Analysis
The thermal behaviour of Cs2[B10O14(OH)4]⋅H2O was investigated between room
temperature and 1400 °C (Figure 5.8). After a mass loss of 8.2 wt% in the tem-
perature range between 240 and 430 °C the title compound reveals a certain stabil-
ity between 430 and 950 °C. The thermal investigation of other hydrated pentab-
orates always revealed a complete loss of water between 140 and 400 °C leading
to the sum formula A[B5O8] (A= Rb, Cs, Tl) [151, 159]. This also holds for
Cs2[B10O14(OH)4]⋅H2O, which looses three molecules of H2O (theor. mass loss:
7.90 wt%) in order to obtain α-Cs[B5O8] [159] (Figure 5.9).
Figure 5.8: Thermogravimetric analysis of Cs2[B10O14(OH)4]⋅H2O.
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Figure 5.9: X-ray powder diffraction pattern of α-Cs[B5O8] (red) after heat-
ing Cs2[B10O14(OH)4]⋅H2O up to 650 °C under N2 atmosphere and calculated
powder diffraction pattern from single-crystal data of α-Cs[B5O8] [159] (black).
Thus, the following decomposition equation is suggested (Equation 5.1):
Cs2[B10O14(OH)4] ⋅H2O ∆Ð→N2 2α-Cs[B5O8] + 3H2O (5.1)
5.7 Discussion
Cs2[B10O14(OH)4]⋅H2O (1) was obtained as a phase pure colourless crystalline solid.
Nevertheless, crystals with a suitable quality for single-crystal analysis could not be
obtained. Hence, a Rietveld refinement was carried out using the single-crystal data
of the isotypic compound Rb2[B10O14(OH)4]⋅H2O (2) [15] as starting model. The
polyanion reveals lB pentamers as FBU, which form 1∞[B5Φ9] (Φ = O, OH) chains
exhibiting BΦ3 triangles and BΦ4 tetrahedra. The FBU can be illustrated with the
descriptor 4∆◻:<2∆◻>–<2∆◻>. Besides one water molecule two caesium atoms are
present, which are coordinated irregularly by ten and fourteen oxygen atoms. In
contrast, for (2) Belokoneva et al. determined an irregularly coordination sphere of
nine oxygen atoms for both caesium atoms [15]. The results in this work include
an even larger coordination sphere due to the larger ionic radius of Cs+ compared
to Rb+, which was confirmed besides the electrostatic consistency by MAPLE cal-
culations. In general, the lattice parameters of the caesium compound are larger
than of the rubidium compound, which appears analogously to the ionic radii of Cs+
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(1.81–1.88 A˚, CN = 10–14) and Rb+ (1.66–1.83, CN = 10–14) [60] (Table 5.7). As
expected, the B–O bond lengths correlate in the two compounds, and the B◻–Obr
distances are larger than the B∆–Obr distances (Table 5.7). Unfortunately several
bond lengths of (2) do not include standard deviations, whereas bond lengths of (1)
could not be stated as accurately as in the rubidium compound due to the results
received from powder data.
Table 5.7: Comparison of the crystallographic data of Cs2[B10O14(OH)4]⋅H2O
(1) and Rb2[B10O14(OH)4]⋅H2O (2); standard deviations in brackets
Sum formula Cs2[B10O14(OH)4]⋅H2O Rb[B5O7(OH)2]⋅0.5H2O
Molar weight / g⋅mol−1 683.96 589.08
Crystal system triclinic triclinic
Space group P 1¯ (no. 2) P 1¯ (no. 2)
Colour colourless colourless
a / A˚ 7.8038(2) 7.679(4)
b / A˚ 9.1840(3) 9.253(6)
c / A˚ 12.3403(3) 12.053(9)
α / ° 98.979(2) 98.55(5)
β / ° 106.345(2) 106.80(5)
γ / ° 91.081(2) 91.71(5)
Volume / A˚3 836.44(4) 808.35
Z 2 4
B∆–Obr / A˚ 1.34(7)–1.41(6) 1.332–1.409
B◻–Obr / A˚ 1.43(5)–1.54(5) 1.465–1.503
d(A1–O) (A= Rb, Cs) / A˚ 2.80(2)–3.50(2) 2.756(10)–3.482(8)
d(A2–O) (A= Rb, Cs) / A˚ 2.97(2)–4.00(3) 2.927(10)–3.381(10)
CN 9/9 10/14
Calculated density Dx / g⋅cm−3 2.716 2.420(6)
Radiation Cu-Kα Mo-Kα
Wavelength λ / A˚ 1.5406 0.71069
Rp / R 0.013 0.057
Rwp / Rw 0.018 0.064
χ2 3.28
Besides the 5D0→7F1 transition the fluorescence spectrum of the title compound
doped with Eu3+ reveals the hypersensitive and more intense 5D0→7F2 transition
at 614 nm. The latter is very sensitive to its surrounding and reaches a higher
intensity if Eu3+ occupies an asymmetric site. Both Cs+ ions are located on lattice
sites exhibiting an irregular coordination sphere, which proves the occupation of
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Eu3+ on Cs+ lattice sites. Due to the presence of a number of protons one weak
and some moderately strong hydrogen bonds could be determined, which contribute
to the thermal stability of the compound. After the loss of three molecules of
water the thermogram of the title compound shows a broad temperature range
without any mass loss between 430 and 950 °C. Simulating the heating process under
N2 up to 650 °C proved the formation of α-Cs[B5O8] as decomposition product.
A comparison with the thermogram of Tl2O-5B2O3-3H2O (3) [147] reveals a very
similar decomposition behaviour (Figure 5.10). In both thermogravimetric curves
two decomposition steps with a ratio of approximately 1:2 are present. Even the
temperature range of the steps of mass loss is nearly equal.
Figure 5.10: Comparison of the thermogravimetric analysis of
Cs2[B10O14(OH)4]⋅H2O (1) (left) and Tl2O-5B2O3-3H2O (3) (right, II)
[147].
Although up to now no single-crystal data of (1) and (3) has been solved, it seems
obvious to claim a strong structural resemblance with regard to the very similar
thermal behaviour, which was already predicted by Benhassaine [146].
Monovalent pentaborates comprise a large variety in structure and composition. The
amount of protonated terminal oxygen atoms in the pentaborate anion determines
the degree of condensation. In A[B5O6(OH)4]⋅2H2O (A= Na [160], Rb [161], Cs
[14, 151], Tl [162]) due to complete protonation of the terminal oxygen atoms con-
densation is not possible and isolated pentameric units of 0∞[B5Φ10] (Φ = O, OH) are
present (Figure 5.11 left). In pentaborates with a sum formula of A[B5O7(OH)2]⋅H2O
(A= K [149], Rb [15], NH4 [148]) and one molecule of crystal water the O:OH ratio
is larger and thus leads to a one-dimensional condensation of the pentameric borate
units (Figure 5.2). A number of compounds exhibiting units of [B5O8(OH)]⋅xH2O,
e.g. A2[B5O8(OH)]⋅2H2O (A= Na [163], K[164]), Na[B5O8(OH)]⋅H2O [165] and
Na4[B10O16(OH)2]2⋅H2O [166] possess a layer structure (Figure 5.11 middle). Due
to the missing hydroxyl groups most of the binary penta-borates reveal a three-
dimensional structure (Figure 5.11 right), e.g. K[B5O8] [167], Rb[B5O8] [168] and
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Tl[B5O8] [169]. Up to now K[B5O8]4⋅H2O is the only representative of the ternary
monovalent pentaborates exhibiting only a monomeric structure [170].
Figure 5.11: Anionic structures of monovalent pentaborates: monomer (left),
layer (middle) and three-dimensional network (right); boron turquoise, oxygen
red, hydrogen white.

6 Phosphates
6.1 Lanthanide Hydrogen-Polyphosphates
Ln[H(PO3)4] (Ln = Tb, Dy, Ho)
In 1975 Palkina et al. synthesised Bi[H(PO3)4] [171], which crystallises isostructural
to Ln[H(PO3)4] (Ln = Sm, Eu) in the triclinic space group P 1¯ [172]. Surprisingly,
acid polyphosphates of the elements at the origin of the lanthanide row (La, Pr, Nd)
and at the end (Tm, Yb) have not been observed yet. Instead, only non-protonated
polyphosphates and ultraphosphates are formed depending on the synthesis tem-
perature [173]. Ln[H(PO3)4] (Ln = Tb-Er) crystallise in the monoclinic space group
P21/c. Gd[H(PO3)4] represents an exception, which crystallises in both configura-
tions at the same time. Up to now only the crystal structure of Er[H(PO3)4] was
solved from single-crystal data [173].
Lanthanide based compounds are promising candidates as luminescent materials for
lighting applications and thus attract great interest [4, 9, 49, 51, 58, 174–179]. As a
consequence, both the spectroscopic properties and the thermal stability of the host
lattice are important characteristics. In the following chapter the crystal structures
of Ln[H(PO3)4] (Ln = Tb, Dy, Ho) determined from single-crystal data (Ln = Tb,
Ho) on the one hand and refined via a Rietveld refinement (Ln = Dy) on the other
hand are presented. Additionally, their optical, magnetic and thermal properties are
investigated. All results discussed in this chapter are published in a science journal
[180].
6.1.1 Synthesis
Ln[H(PO3)4] (Ln = Tb, Dy) were synthesised via solid-state reactions starting from
the respective lanthanide oxides and phosphorous acid. 94.70 mg (0.1264 mmol)
Tb4O7, 94.20 mg (0.2525 mmol) and Dy2O3, respectively, and 279.6 mg (3.410 mmol)
H3PO3 were ground in an agate mortar and transferred into a silica glass crucible.
The reaction mixtures were covered with 20 mL H2O2 (30 %) to suppress the for-
mation of LnP3O9 and heated up to 380 °C with a heating rate of 100 °C/h using
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a muﬄe furnace. The temperature was kept for three hours before cooling down
to room temperature by switching off the furnace. The products were washed with
hot water and dried in air overnight. Different experiments showed that addition of
H2O2 to the reaction mixture lead to phase pure crystalline powders of colourless
Tb[H(PO3)4] and Dy[H(PO3)4].
Ho[H(PO3)4] was synthesised analogously to Ln[H(PO3)4] (Ln = Tb, Dy) but could
be obtained as phase pure crystalline yellow/pink powder without addition of H2O2
to the reaction mixture.
Dy[H(PO3)4]:Ce3+ (5, 10, 30 %) and Dy[H(PO3)4]:Eu3+ (5 %) were synthesised by
substituting the corresponding amount of Dy2O3 by Ce(NO3)3⋅6H2O and
Eu(NO3)3⋅5H2O, respectively.
6.1.2 X-Ray Powder Diffraction
Figure 6.1: X-ray powder diffraction patterns of Tb[H(PO3)4] (red) and
Ho[H(PO3)4] (blue) and calculated X-ray powder diffraction pattern from
single-crystal data of Tb[H(PO3)4] (black).
The phase purity of the samples was checked by X-ray powder diffraction (Figure
6.1). Ln[H(PO3)4] (Ln = Tb, Dy, Ho) crystallise isotypically, but suitable crystals
for single-crystal analysis could be obtained only for Tb[H(PO3)4] and Ho[H(PO3)4].
The crystal structure of Dy[H(PO3)4] was refined via the Rietveld method (Chap-
ter 6.1.4) using the single-crystal data of Tb[H(PO3)4] as starting structure model.
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The Rietveld plot is shown in Figure 6.2. The composition of selected crystals of
Ln[H(PO3)4] (Ln = Tb, Dy, Ho) was checked via EDX spectroscopy. Within the
accuracy of the measurement’s limit no other elements were found.
6.1.3 Crystal Structure Determination
Colourless crystals of Tb[H(PO3)4] (0.047 × 0.018 × 0.019 mm) and Ho[H(PO3)4]
(0.050 × 0.018 × 0.020 mm) were isolated and mounted on a MicroMount, respec-
tively. The collection of the crystal data was run on a Bruker D8 Venture single-
crystal diffractometer using Mo radiation. A multi-scan absorption correction was
subsequently performed. The structure of the non-merohedrally twinned crystal of
Tb[H(PO3)4] was solved defining the twinned components (twin matrix:
0 0 1 0 -1 0 1 0 0; BASF = 0.430(1)) using TWINABS [181]. Tb[H(PO3)4] and
Ho[H(PO3)4] crystallise in the monoclinic space group P21/c with the lattice param-
eters aTb = 13.6824(4) A˚, bTb = 7.1042(2) A˚, cTb = 9.6579(3) A˚ and βTb = 101.200(1)°
and aHo = 13.6334(5) A˚, bHo = 7.0924(3) A˚, cHo = 9.5907(4) A˚ and βHo = 101.055(1)°,
respectively. For Tb[H(PO3)4] 3112 reflections were collected. Out of 3111 inde-
pendent reflections 2790 were observed (F2o > 2 σ (F
2
o)). For Ho[H(PO3)4] 27195
reflections were collected. Out of 1607 independent reflections 1421 were observed
(F2o > 2σ (F
2
o), Rint = 0.0537). The crystallographic data, the parameters of the mea-
surements and refinements are summarised in Tables 6.1 and 6.5. The structures
were solved by direct methods and refined by full matrix least-squares technique
using the programs SHELXS-97 and SHELXTL-97 [21, 22]. The anisotropic re-
finement revealed R-values of R1 = 0.0277 and wR2 = 0.0622 for Tb[H(PO3)4] and
R1 = 0.0291 and wR2 = 0.0602 for Ho[H(PO3)4], respectively. The Tb, Ho, P and
O atoms could be clearly located. Hydrogen atoms were localised via Difference-
Fourier -Synthesis, added geometrically and were confirmed by MAPLE calculations
[32, 33, 152]. The refined atomic coordinates, anisotropic displacement parameters,
selected interatomic distances and angles are summarised in Tables 6.2 to 6.4 and
6.6 to 6.8.
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Table 6.1: Single-crystal refinement parameters of Tb[H(PO3)4]; standard de-
viations in brackets
Sum formula Tb[H(PO3)4]
Temperature / K 293(2)
Molar weight / g⋅mol−1 475.81
Crystal system monoclinic
Space group P21/c (no. 14)
Crystal shape plate
Crystal size / mm3 0.047 × 0.018 × 0.019
Colour colourless
a / A˚ 13.6824(4)
b / A˚ 7.1042(2)
c / A˚ 9.6579(3)
β / ° 101.200(1)
Volume / A˚3 920.89(5)
Z 4
Calculated density Dx / g⋅cm−3 3.432
Absorption coefficient µ / mm−1 8.440
F(000) 888
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Transmission factor (min./max.) 0.6359 / 0.7457
Index range h|k|l (min./max.) 0/16 | -8/0 | -11/11
Theta range / ° 3.04 ≤ θ ≤ 25.00
Reflections collected 3112
Independent reflections 3111
Observed reflections 2790 (F2o > 2σ (F
2
o))
Refined parameters 160
Rint, Rσ no value due to twin refinement, 0.023
R1 (all data) 0.0277
wR2 (all data) 0.0622
Weighting scheme w−1=σ2 F2o + (0.0389 P)2 + 0.0000 P;
P = (F2o + 2 F
2
c)/3
GooF 1.131
Residual electron density -0.50/0.14
(min./max.) / e−⋅A˚−3
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Table 6.2: Refined atomic coordinates, Wyckoff symbols and isotropic dis-
placement parameters Ueq / A˚
2 in Tb[H(PO3)4]; standard deviations in brack-
ets
Atom
Wyckoff
symbol
x y z Ueq
Tb1 4e 0.729401(15) 0.05792(3) 0.05897(2) 0.00704(9)
P1 4e 0.90133(8) −0.32485(16) 0.12591(13) 0.0083(3)
P2 4e 0.90026(9) 0.15142(17) −0.18737(12) 0.0080(3)
P3 4e 0.61157(9) −0.20990(17) 0.29579(12) 0.0077(2)
P4 4e 0.59385(9) 0.40127(16) 0.20937(12) 0.0078(3)
Obr1 4e 0.9446(3) −0.4771(5) 0.2377(3) 0.0135(7)
Obr2 4e 0.9990(2) −0.2305(4) 0.0948(3) 0.0114(7)
Obr3 4e 0.5802(2) −0.3766(4) 0.1876(3) 0.0117(7)
Obr4 4e 0.5152(2) −0.1724(4) 0.3594(3) 0.0098(7)
Oterm1 4e 0.8343(3) −0.1896(5) 0.1741(3) 0.0145(8)
Oterm2 4e 0.8414(3) 0.0764(5) −0.0888(3) 0.0174(8)
Oterm3 4e 0.8587(3) 0.2914(5) −0.2952(3) 0.0156(8)
Oterm4 4e 0.6343(3) −0.0457(4) 0.2130(3) 0.0132(7)
Oterm5 4e 0.6902(3) −0.2722(4) 0.4168(3) 0.0123(7)
Oterm6 4e 0.6158(2) 0.3586(5) 0.3627(3) 0.0115(7)
Oterm7 4e 0.6615(2) 0.3364(4) 0.1191(3) 0.0114(7)
OH1 4e 0.8569(3) −0.4300(5) −0.0105(4) 0.0158(8)
H1 4e 0.804(3) −0.350(8) −0.048(5) 0.05
Obr = bridging oxygen atom; Oterm = terminal oxygen atom; OH = hydroxyl group
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Table 6.3: Anisotropic displacement parameters Uij / A˚
2 in Tb[H(PO3)4]; stan-
dard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
Tb1 0.00640(13) 0.00779(13) 0.00678(13) −0.00024(9) 0.00093(10) 0.00006(9)
P1 0.0056(6) 0.0087(6) 0.0100(6) 0.0002(5) 0.0001(5) −0.0004(5)
P2 0.0051(6) 0.0086(6) 0.0104(6) 0.0007(5) 0.0017(5) 0.0010(5)
P3 0.0068(6) 0.0074(6) 0.0082(5) 0.0005(5) −0.0005(5) −0.0001(5)
P4 0.0070(6) 0.0062(6) 0.0094(6) −0.0008(5) −0.0001(5) −0.0002(5)
Obr1 0.0099(18) 0.0108(17) 0.0184(19) 0.0068(14) −0.0009(14) 0.0002(15)
Obr2 0.0129(19) 0.0104(17) 0.0091(14) 0.0030(14) −0.0025(13) −0.0011(14)
Obr3 0.0195(19) 0.0051(16) 0.0087(16) −0.0010(13) −0.0021(14) 0.0022(15)
Obr4 0.0076(17) 0.0136(19) 0.0084(16) 0.0024(13) 0.0021(13) 0.0023(14)
Oterm1 0.020(2) 0.0089(18) 0.0137(17) 0.0017(14) 0.0021(15) 0.0029(16)
Oterm2 0.0116(18) 0.027(2) 0.0156(17) −0.0013(16) 0.0066(15) −0.0042(15)
Oterm3 0.0087(19) 0.0172(18) 0.0182(17) 0.0070(16) −0.0042(14) 0.0015(16)
Oterm4 0.0148(19) 0.0093(18) 0.0171(18) 0.0040(14) 0.0068(15) 0.0012(14)
Oterm5 0.0082(19) 0.0111(18) 0.0155(15) 0.0013(14) −0.0032(13) 0.0025(13)
Oterm6 0.012(18) 0.0126(17) 0.0075(16) 0.0000(14) −0.0025(14) −0.0054(15)
Oterm7 0.0073(17) 0.0113(18) 0.0168(18) −0.0026(14) 0.0054(14) −0.0006(14)
OH1 0.012(2) 0.0154(19) 0.0176(18) −0.0077(15) −0.0019(15) −0.0002(14)
Table 6.4: Selected interatomic distances / A˚ and angles / ° in Tb[H(PO3)4];
standard deviations in brackets
P–Obr 1.561(3)–1.611(3)
P–Oterm 1.462(3)–1.494(3)
P–OH 1.533(3)
Tb–O 2.280(3)–2.451(3)
POH–Obr–PO 135.8(2)–135.90(2)
PO–Obr–PO 130.0(2)–132.5(20)
Oterm–P–Oterm 117.4(2)–121.4(2)
Oterm–P–Obr 105.9(2)–114.3(2)
Oterm–P–OH 115.1(2)
Obr–P–Obr 99.4(2)–104.1(2)
Obr–P–OH 104.6(2)–106.9(2)
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Table 6.5: Single-crystal refinement parameters of Ho[H(PO3)4]; standard de-
viations in brackets
Sum formula Ho[H(PO3)4]
Temperature / K 296(2)
Molar weight / g⋅mol−1 481.82
Crystal system monoclinic
Space group P21/c (no. 14)
Crystal shape irregular
Crystal size / mm3 0.050 × 0.018 × 0.020
Colour yellow/pink
a / A˚ 13.6334(5)
b / A˚ 7.0924(3)
c / A˚ 9.5907(4)
β / ° 101.055(1)
Volume / A˚3 910.15(6)
Z 4
Calculated density Dx / g⋅cm−3 3.499
Absorption coefficient µ / mm−1 8.979
F(000) 892
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Transmission factor (min./max.) 0.6029 / 0.7458
Index range h|k|l (min./max.) -16/16 | -8/8 | -11/11
Theta range / ° 3.04 ≤ θ ≤ 25.00
Reflections collected 27195
Independent reflections 1607
Observed reflections 1421 (F2o > 2σ (F
2
o))
Refined parameters 158
Rint, Rσ 0.0537, 0.0206
R1 (all data) 0.0291
wR2 (all data) 0.0602
Weighting scheme w−1=σ2 F2o + (0.0423 P)2 + 1.5848 P;
P = (F2o + 2 F
2
c)/3
GooF 1.030
Residual electron density -0.84/1.98
(min./max.) / e−⋅A˚−3
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Table 6.6: Refined atomic coordinates, Wyckoff symbols and isotropic dis-
placement parameters Ueq / A˚
2 in Ho[H(PO3)4]; standard deviations in brack-
ets
Atom Wyckoff x y z Ueq
symbol
Ho1 4e 0.729532(17) 0.05657(3) 0.05931(3) 0.00637(13)
P1 4e 0.90118(10) −0.3250(2) 0.12488(15) 0.0080(3)
P2 4e 0.89935(9) 0.1530(2) −0.18799(15) 0.0073(3)
P3 4e 0.38820(10) 0.2885(2) 0.20467(15) 0.0070(3)
P4 4e 0.59443(10) 0.3988(2) 0.21039(15) 0.0070(3)
Obr1 4e 0.9438(3) −0.0209(6) −0.2624(4) 0.0138(9)
Obr2 4e 0.9995(3) −0.2308(5) 0.0942(4) 0.0101(8)
Obr3 4e 0.4186(3) 0.1212(5) 0.3132(4) 0.0111(8)
Obr4 4e 0.4853(3) 0.3257(6) 0.1412(4) 0.0107(8)
Oterm1 4e 0.8334(3) −0.1891(5) 0.1737(4) 0.0117(8)
Oterm2 4e 0.8395(3) 0.0788(6) −0.0889(5) 0.0166(9)
Oterm3 4e 0.8581(3) 0.2080(6) 0.2034(4) 0.0154(9)
Oterm4 4e 0.6349(3) −0.0475(5) 0.2120(4) 0.0125(9)
Oterm5 4e 0.6904(3) −0.2267(6) −0.0824(4) 0.0119(8)
Oterm6 4e 0.6161(3) 0.1414(6) −0.1351(4) 0.0132(9)
Oterm7 4e 0.6633(3) 0.3331(5) 0.1200(4) 0.0121(9)
OH1 4e 0.8568(3) −0.4297(6) −0.0126(5) 0.0178(10)
H1 4e 0.795(3) −0.394(12) −0.068(7) 0.050
Obr = bridging oxygen atom; Oterm = terminal oxygen atom; OH = hydroxyl group
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Table 6.7: Anisotropic displacement parameters Uij / A˚
2 in Ho[H(PO3)4]; stan-
dard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
Ho1 0.00672(16) 0.00555(17) 0.00677(17) −0.00023(10) 0.00109(10) −0.00002(10)
P1 0.0072(6) 0.0059(7) 0.0103(7) 0.0007(6) 0.0004(6) −0.0001(6)
P2 0.0053(6) 0.0069(7) 0.0094(7) −0.0003(6) 0.0008(5) −0.0011(6)
P3 0.0066(6) 0.0054(7) 0.0088(7) −0.0006(6) 0.0010(5) −0.0006(5)
P4 0.0069(6) 0.0048(7) 0.0090(7) −0.0015(6) 0.0002(6) 0.0001(5)
Obr1 0.0094(19) 0.012(2) 0.019(2) −0.0050(18) −0.0009(17) 0.0009(17)
Obr2 0.0121(19) 0.011(2) 0.0064(18) 0.0006(17) 0.0004(15) −0.0025(16)
Obr3 0.018(2) 0.0037(19) 0.010(2) 0.0033(17) 0.0002(17) −0.0011(17)
Obr4 0.0084(18) 0.015(2) 0.0093(19) −0.0018(17) 0.0029(15) −0.0026(16)
Oterm1 0.0139(19) 0.010(2) 0.011(2) 0.0014(17) 0.0020(16) 0.0033(16)
Oterm2 0.014(2) 0.019(2) 0.018(2) 0.0005(19) 0.0064(18) −0.0033(17)
Oterm3 0.0119(19) 0.014(2) 0.018(2) −0.0014(19) −0.0037(17) −0.0012(17)
Oterm4 0.014(2) 0.010(2) 0.016(2) 0.0020(17) 0.0069(17) −0.0008(16)
Oterm5 0.0091(18) 0.010(2) 0.0015(2) 0.0004(18) −0.0015(16) 0.0002(16)
Oterm6 0.016(2) 0.010(2) 0.013(2) −0.0019(17) 0.0000(17) 0.0043(17)
Oterm7 0.0105(18) 0.010(2) 0.018(2) −0.0016(18) 0.0068(17) 0.0006(16)
OH1 0.015(2) 0.018(2) 0.017(2) −0.0100(19) −0.0039(18) 0.0004(17)
Table 6.8: Selected interatomic distances / A˚ and angles / ° in Ho[H(PO3)4];
standard deviations in brackets
P–Obr 1.568(4)–1.601(4)
P–Oterm 1.463(4)–1.495(4)
P–OH 1.533(4)
Ho–O 2.254(4)–2.427(4)
POH–Obr–PO 135.8(2)–136.3(3)
PO–Obr–PO 129.8(3)–132.6(3)
Oterm–P–Oterm 117.4(2)–121.2(2)
Oterm–P–Obr 105.9(2)–114.1(2)
Oterm–P–OH 115.0(2)
Obr–P–Obr 99.1(2)–104.2(2)
Obr–P–OH 104.7(2)–106.7(2)
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6.1.4 Rietveld Refinement of Dy[H(PO3)4]
Since Dy[H(PO3)4] was obtained as polycrystalline powder a Rietveld refinement
(Figure 6.2) was carried out using the single-crystal data of Tb[H(PO3)4] as starting
structure model. The phase purity of Dy[H(PO3)4] could be confirmed.
Figure 6.2: X-ray powder diffraction pattern and result of the Rietveld refine-
ment of Dy[H(PO3)4].
Dy[H(PO3)4] crystallises isotypically to Tb[H(PO3)4] and Ho[H(PO3)4] in the mono-
clinic space group P21/c with the lattice parameters aDy = 13.6585(3) A˚,
bDy = 7.09739(12) A˚, cDy = 9.6215(2) A˚ and βDy = 101.116(1)°. In Table 6.9 the re-
sults of the Rietveld refinement including the obtained unit cell parameters, the
values of the fit residuals (Rp and Rwp) and χ2 are listed. The structure model
of Dy[H(PO3)4] was refined to excellent residuals of Rp = 0.009, Rwp = 0.012 and
χ2 = 4.04. The atomic coordinates, isotropic displacement factors (Biso) and selected
interatomic distances and angles are given in Tables 6.10 and 6.11.
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Table 6.9: Rietveld refinement parameters of Dy[H(PO3)4]; standard devia-
tions in brackets
Sum formula Dy[H(PO3)4]
Molar weight / g⋅mol−1 479.40
Crystal system monoclinic
Space group P21/c (no. 14)
Colour colourless
a / A˚ 13.6585(3)
b / A˚ 7.0974(1)
c / A˚ 9.6215(2)
β / ° 101.116(1)
Volume / A˚3 915.21(3)
Z 4
Calculated density Dx / g⋅cm−3 3.479
Radiation Cu-Kα
Wavelength λ / A˚ 1.5406
Diffractometer Bruker D8 Advance
Theta range / ° 5.00 ≤ 2θ ≤ 140.00
Refined parameters 62
Rp 0.009
Rwp 0.012
χ2 4.04
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Table 6.10: Refined atomic coordinates and isotropic displacement parameters
Biso / A˚
2 of Dy[H(PO3)4]; standard deviations in brackets
Atom x y z Biso
Dy 0.7286(2) 0.0603(4) 0.0591(3) 0.50
P1 0.8854(9) −0.32830(16) 0.1209(15) 0.50
P2 0.8999(9) 0.1516(16) −0.1981(14) 0.50
P3 0.6206(10) −0.2125(17) 0.2932(14) 0.50
P4 0.6018(8) 0.4120(17) 0.2182(13) 0.50
Obr1 0.9425(14) −0.4496(39) 0.2328(23) 1.00
Obr2 0.9908(18) −0.2090(29) 0.0955(24) 1.00
Obr3 0.6037(17) −0.3523(30) 0.1950(26) 1.00
Obr4 0.5279(19) −0.18251(31) 0.3422(25) 1.00
Oterm1 0.8400(16) −0.1565(28) 0.1784(25) 1.00
Oterm2 0.8417(14) 0.0488(37) −0.0989(23) 1.00
Oterm3 0.8535(17) 0.2955(32) −0.2627(28) 1.00
Oterm4 0.6438(14) −0.0189(31) 0.2283(22) 1.00
Oterm5 0.6957(18) −0.2524(26) 0.4392(27) 1.00
Oterm6 0.6238(17) 0.32260(31) 0.3568(28) 1.00
Oterm7 0.6653(17) 0.3533(30) 0.1060(27) 1.00
OH1 0.8624(13) −0.4513(36) −0.0350(23) 1.00
Obr = bridging oxygen atom; Oterm = terminal oxygen atom;
OH = hydroxyl group
Table 6.11: Selected interatomic distances / A˚ and angles / ° in Dy[H(PO3)4];
standard deviations in brackets
P–Obr 1.45(3)–1.88(3)
P–Oterm 1.30(2)–1.60(3)
P–OH 1.71(3)
Ho–O 2.24(2)–2.47(2)
POH–Obr–PO 126.5(18)–134.3(16)
PO–Obr–PO 129.5(19)–141.5(19)
Oterm–P–Oterm 111(2)–118(3)
Oterm–P–Obr 94(2)–130(3)
Oterm–P–OH 135(2)
Obr–P–Obr 93(2)–111(2)
Obr–P–OH 98.1(20)–108.9(20)
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6.1.5 Crystal Structure Description
Ln[H(PO3)4] (Ln = Tb, Dy, Ho) crystallise isotypically to Er[H(PO3)4] [173] in the
centrosymmetric, monoclinic space group P21/c with four formula units per unit
cell. All atoms are located on the general Wyckoff position 4e. The anionic partial
structure of Ln[H(PO3)4] (Ln = Tb, Dy, Ho) consists of two different infinite helical
chains of corner-sharing phosphate tetrahedra arranged parallel to each other along
[010] with alternating hydrogen-polyphosphate and polyphosphate chains (Figure
6.3).
Figure 6.3: Infinite, parallel hydrogen polyphosphate (A) and polyphosphate
(B) chains of Ln[H(PO3)4] (Ln = Tb, Dy, Ho) along [010]; phosphorus blue,
oxygen red, hydrogen white.
The protonated chain (A) reveals a larger diameter compared to the non-protonated
polyphosphate chain (B) (Figure 6.4) due to widened P–O–P angles (136 ○ in A vs.
130–133 ○ in B).
Adjacent A and B chains in [100] and [001] direction, respectively, exhibit a phase
shift of a half towards each other (Figure 6.5).
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Figure 6.4: Reduced (left) and complete (right) presentation of the infi-
nite helical hydrogen-polyphosphate (A) and polyphosphate (B) chains of
Ln[H(PO3)4] (Ln = Tb, Dy, Ho) in [010] direction; phosphorus blue, oxygen
red, hydrogen white.
Figure 6.5: Phase shifted chains of hydrogen-polyphosphate (A) and polyphos-
phate (B) tetrahedra (blue: front, violet: back) of Ln[H(PO3)4] (Ln = Tb, Dy,
Ho); phosphate tetrahedra blue, oxygen red, hydrogen white.
In the phosphate tetrahedra P–O bond lengths range between 1.46 and 1.61 A˚. The
bond lengths P–OH are 1.53 A˚. P–Obr distances range between 1.56 and 1.61 A˚,
whereas P–Oterm distances range between 1.46 and 1.50 A˚. These values correspond
to data found for other hydrogen-polyphosphates [171–173] or polyphosphates [182–
188]. In general, P–O distances increase from P–Oterm to P–OH and up to P–Obr due
to the decreasing effective negative charge on the involved oxygen atom which leads
to weaker electrostatic interactions between P and O. Angles of the POH–Obr–PO
(A) and PO–Obr–PO (B) bridges range at 136°, and between 130–133°, respectively.
O–P–O angles lie between 99–121°C (Ø = 109°) Selected bond lengths and angles of
Ln[H(PO3)4] (Ln = Tb, Ho) are listed in Tables 6.4 and 6.8.
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For the calculation of deviation of tetrahedra from ideal symmetry the method intro-
duced by Balic´-Zˇunic´ and Makovicky [35, 36] was adopted. The four crystallographi-
cally different phosphate and hydrogenphosphate tetrahedra in Tb[H(PO3)4] and
Ho[H(PO3)4] feature the values −0.32 % (P1), −0.29 % (P2), −0.22 % (P3), −0.20 %
(P4) and −0.32 % (P1), −0.29 % (P2), −0.21 % (P3), −0.21 % (P4), respectively.
Those values are on the typical scale for phosphate tetrahedra [97, 98, 187, 189–
191]. Exhibiting a deviation far below 1 %, all tetrahedra are classified as regular.
The parallel hydrogen-polyphosphate and polyphosphate chains of Ln[H(PO3)4]
(Ln = Tb, Dy, Ho) are interconnected via common O corners of LnO7 polyhedra
(Figure 6.6).
Figure 6.6: Infinite helical chains of hydrogen-polyphosphate (A) and
polyphosphate (B) tetrahedra in Ln[H(PO3)4] (Ln = Tb, Dy, Ho) intercon-
nected via LnO7 polyhedra (yellow); phosphate tetrahedra blue, oxygen red,
hydrogen white.
The single-crystal structure reveals a single site of Ln3+, which is coordinated single
capped trigonal prismatic by seven terminal oxygen atoms of the polyphosphate
chains (Figures 6.7 and 6.8). The Ln–O bond lengths range between 2.25 and
2.45 A˚ (Tables 6.4 and 6.8). Those values are in the same range as the Er–O bond
lengths (2.25–2.43 A˚) and Bi–O bond lengths (2.27–2.55 A˚) determined by Palkina
et al. [171, 173]. Ln3+ ions (Ln3+ = Tb, Ho, Er) possess very similar ionic radii
(0.95–0.98 A˚) [60]. Thus, the sum of the ionic radii of Ln3+ (Ln3+ = Tb, Ho) and O2−
(1.35 A˚[60]) also exhibits values in the same order of magnitude. Bi3+ in Bi[H(PO3)4]
[171] does not represent an ion of the lanthanide row. Nevertheless, it reveals an
ionic radius of 1.03 A˚[60], which is very close to the discussed ionic radii of lanthanide
ions. Hence, it does not surprise that the Bi–O bond lengths (2.27–2.55 A˚) are also
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in the same range as the Ln–O bond lengths.
Figure 6.7: Coordination sphere of the lanthanide in Ln[H(PO3)4] (Ln = Tb,
Dy, Ho). The displacement ellipsoids are drawn on a probability level of 70 %.
According to Steiner [150] the single hydrogen bond can be considered as moder-
ately strong in Ln[H(PO3)4] (Ln= Tb, Ho) with a hydrogen to acceptor distance
d(H1–Oterm5) of 1.76 A˚ and a bond angle (DHA) of 165° in Tb[H(PO3)4] 1. In
Ho[H(PO3)4] the hydrogen to acceptor distance d(H1–Oterm5) is 1.85 A˚ and the
bond angle (DHA) is 145° 2 (Figure 6.8).
1donor to hydrogen distance d(OH1–H1) = 0.93 A˚, donor to acceptor distance d(OH1–
Oterm5) = 2.67 A˚.
2donor to hydrogen distance d(OH1–H1) = 0.94 A˚, donor to acceptor distance d(OH1–
Oterm5) = 2.66 A˚.
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Figure 6.8: Moderate hydrogen bond (dotted blue line) and coordination
sphere of the Ln atom in Ln[H(PO3)4] (Ln = Tb, Ho); phosphorus blue, oxy-
gen red, hydrogen white.
6.1.6 Electrostatic Calculations
The coordination numbers of the lanthanide ions (Tables 12.2 and 12.3) and the elec-
trostatic consistency of the structure model were confirmed by calculations based on
the MAPLE concept (= Madelung Part of Lattice Energy) [32, 33, 152]. The alloca-
tion of the single proton could also be proven. The structure models of Tb[H(PO3)4]
and Ho[H(PO3)4] show electrostatic consistency (Table 6.12) due to a deviation of
less than 1 %.
Table 6.12: MAPLE calculations for Ln[H(PO3)4] (Ln = Tb, Ho) [32, 33, 152]
Tb[H(PO3)4] α-TbP3O9 [187] + 0.5 H2O [192] + 0.5 P2O5 [193]
MAPLE = 98590 kJ⋅mol−1 MAPLE = 98466 kJ⋅mol−1
∆ = 0.13 %
Ho[H(PO3)4] α-HoP3O9 [187] + 0.5 H2O [192] + 0.5 P2O5 [193]
MAPLE = 98811 kJ⋅mol−1 MAPLE = 98326 kJ⋅mol−1
∆ = 0.49 %
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6.1.7 Spectroscopic Properties
6.1.7.1 IR Spectroscopy
The infrared spectra of Ln[H(PO3)4] (Ln = Tb, Dy, Ho) were recorded between
4000 and 400 cm−1 and are shown in Figure 6.9. The positions of the bands and the
corresponding assignments are given in Table 6.13.
Figure 6.9: Infrared spectra of Ln[H(PO3)4] (Ln = Tb, Dy, Ho); terbium green,
dysprosium black, holmium red.
Table 6.13: Position / cm−1 and assignment of the IR bands in Ln[H(PO3)4]
(Ln = Tb, Dy, Ho)
Position Assignment
1350–1200 νas(PO2) [186, 194–196]
1200–990 ν(POterm) [186, 194–196]
985–845 νas(PObr), νas(POP) [186, 194–196]
780–650 νs(PObr) [186, 196, 197]
< 620 δ(PO4) [186, 194–196]
The bands between 1350 and 1200 cm−1 can be assigned to the asymmetric stretching
vibrations of PO2, while vibrations between 1200–990 cm−1 can be assigned to the
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stretching vibrations of POterm. The νas(PObr) and νas(POP) vibrational bands
range between 985 and 845 cm−1 [186, 194–196]. The four symmetric stretching
modes of the PObr vibrations are detected between 780 and 650 cm−1 peaking at
681, 700, 741 and 770 cm−1, which had been empirically correlated to the periodicity
of polyphosphate chains in catena-polyphosphates [186, 196, 197]. This also holds
for Ln[H(PO3)4] (Ln = Tb, Dy, Ho), due to the periodicity P = 4 of its hydrogen-
polyphosphate chains. Vibrations observed below 620 cm−1 are assigned to bending
vibrations of the PO4 tetrahedra [186, 194–196]. Surprisingly no broad vibrations of
the hydroxyl groups were detected, which leads to the assumption that presumably
the ratio of O–H/P–O vibrations of 1:16 is too small to be detected via ATR.
6.1.7.2 UV-Vis Spectroscopy
The UV-Vis reflection spectra of Ln[H(PO3)4] (Ln = Tb, Dy, Ho) (Figures 6.11
to 6.13) reveal the typical absorption bands of the f–f transitions of Tb3+, Dy3+
and Ho3+ ions, according to the well-known energy level schemes [64, 67, 68]. All
transitions start from the respective ground states 7F6, 6H15/2 and 5I8 with the elec-
tronic configuration [Xe]4f 8, [Xe]4f 9 and [Xe]4f 10, respectively. The corresponding
assignments are listed in Tables 6.14–6.16. No significant deviations from the spec-
tra of other inorganic salts of terbium, dysprosium and holmium were detected
and the spectra are in accordance with the powder colours white (Tb[H(PO3)4]
and Dy[H(PO3)4]) and yellow/pink (Ho[H(PO3)4]). Like other holmium compounds
[198, 199] Ho[H(PO3)4] shows the alexandrite effect (Chapter 3.4.3.6). Due to an
absorption gap in the yellow region, it exhibits a yellow body colour in ambient
day light. In artificial light, e.g. fluorescent lamps, with distinct emissions in the
blue (˜450 nm), green (˜540 nm) and red (˜610 nm) range [3], it reveals a pink body
colour, due to the reflection of the wavelengths between 550 and 620 nm (Figure
6.10).
Figure 6.10: Yellow and pink body colour of Ho[H(PO3)4] in ambient day light
(left) and in artificial light (right), respectively.
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Figure 6.11: UV-Vis spectrum of Tb[H(PO3)4].
Table 6.14: Absorption band energies for the strongest transitions in
Tb[H(PO3)4] and in free Tb
3+ ions between 250 and 800 nm
Number Absorption λ / nm
Tb[H(PO3)4]
Energy / 103⋅cm−1 Free Tb3+ [64]Energy / 103⋅cm−1
1 7F6→5I4 267 37.5 37.5
2 7F6→5H7 319 31.3 31.6
3 7F6→5G2 336 29.8 29.6
4 7F6→5L9 351 28.5 28.5
5 7F6→5G5 358 27.9 27.8
6 7F6→5L10 369 27.1 27.1
7 7F6→5G6 377 26.5 26.4
8 7F6→5D4 486 20.6 20.5
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Figure 6.12: UV-Vis spectrum of Dy[H(PO3)4].
Table 6.15: Absorption band energies for the strongest transitions in
Dy[H(PO3)4] and in free Dy
3+ ions between 200 and 800 nm
Number Absorption λ / nm
Dy[H(PO3)4]
Energy / 103⋅cm−1 Free Dy3+ [67]Energy / 103⋅cm−1
1 6H15/2→4D7/2 295 33.9 33.8
2 6H15/2→6P3/2 325 30.8 30.8
3 6H15/2→4F5/2+4D5/2 338 29.6 29.6
4 6H15/2→6P7/2 350 28.6 28.6
5 6H15/2→6P5/2 364 27.5 27.5
6 6H15/2→4K17/2 378 26.5 26.4
7 6H15/2→4I13/2 386 25.9 25.9
8 6H15/2→4G11/2 425 23.5 23.3
9 6H15/2→4I15/2 452 22.1 22.3
10 6H15/2→4F9/2 473 21.1 21.1
11 6H15/2→6F3/2 753 13.3 13.2
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Figure 6.13: UV-Vis spectrum of Ho[H(PO3)4].
Table 6.16: Absorption band energies for the strongest transitions in
Ho[H(PO3)4] and in free Ho
3+ ions between 200 and 800 nm
Number Absorption λ / nm
Ho[H(PO3)4]
Energy / 103⋅cm−1 Free Ho3+ [67]Energy / 103⋅cm−1
1 5I8→3H6+1I6 219 45.7 45.7
2 5I8→3F4+5D4 241 41.6 41.5
3 5I8→5D3 250 40.0 40.0
4 5I8→3I7 261 38.2 38.5
5 5I8→3P0 278 36.0 36.0
6 5I8→5G4+5D4+3G4 290 34.5 34.8
7 5I8→3F4+3H4+3G4 334 29.9 30.0
8 5I8→3L9 346 28.9 29.0
9 5I8→3H6 361 27.7 27.7
10 5I8→5G4 386 25.9 25.8
11 5I8→5G5+3G5 417 24.0 24.0
12 5I8→5F1 451 22.2 22.4
13 5I8→3K8 468 21.4 21.3
14 5I8→5F2 473 21.1 21.1
15 5I8→5F3 485 20.6 20.7
16 5I8→5F4 538 18.6 18.6
17 5I8→5F5 648 15.4 15.5
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6.1.7.3 Fluorescence Spectroscopy
The fluorescence spectra of Tb[H(PO3)4] (Figure 6.14) and Dy[H(PO3)4] (Figure
6.16) show the characteristic f–f emissions of Tb3+ and Dy3+, respectively [64, 67,
68].
Figure 6.14: Excitation (black) and emission (green) spectrum of Tb[H(PO3)4].
Between 230 and 270 nm a broader band in the excitation spectrum indicates the
parity allowed 4f 8→4f 75d1 transition, which is influenced by the chemical surround-
ing of Tb3+. Compounds doped with Tb3+ also reveal such an excitation, e.g. in
K2GdZr(PO4)3:Tb at 223 nm [70]. In both compounds Tb3+ is in a phosphate envi-
ronment. In contrast to the helically condensed phosphate chains in Tb[H(PO3)4],
K2GdZr(PO4)3:Tb comprises isolated phosphate ions, which reveal less stability
against vibration. Thus, a higher energy for the excitation in the d orbitals is
needed. Under excitation at 375 nm Tb[H(PO3)4] exhibits sharp emission lines be-
tween 475 and 630 nm, which can be assigned to the 5D4→7F6 (488 nm), 5D4→7F5
(543 nm), 5D4→7F4 (583 nm) and 5D4→7F3 (619 nm) transitions [64]. The transi-
tion with the highest intensity is located at 543 nm and is responsible for the green
emission (Figure 6.15).
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Figure 6.15: Green fluorescence of Tb[H(PO3)4] at 254 nm.
Figure 6.16: Excitation (black) and emission (orange) spectrum of
Dy[H(PO3)4].
The excitation spectrum of Dy[H(PO3)4] shows a broad band around 290 nm, which
indicates the 4f 9 →4f 85d1 transition. In other compounds exhibiting Dy3+ ions this
transition occurs as well. In Gd3Ga5O12:Dy [200] it is shifted to shorter wavelengths
and occurs around 250 nm. In Dy[H(PO3)4] Dy3+ is coordinated by seven oxygen
atoms of the phosphate chains, whereas in Gd3Ga5O12:Dy it is eightfold coordinated
by oxygen atoms. Since the chemical surrounding has an influence on the d orbitals
of Dy3+ it does not surprise that a surrounding of oxygen atoms has a different in-
fluence on the Dy3+ d orbitals than the surrounding of oxygen atoms of phosphate
tetrahedra in Dy[H(PO3)4] [8]. Solely oxygen atoms as coordination sphere possess
a stronger ionic character compared to oxygen atoms covalently bound to an infinite
phosphate chain. Due to the nephelauxetic effect an increased interaction between
coordinating anion and central ion is achieved. Thus, a stronger ligand field splitting
occurs and the wavelength is shifted to longer wavelengths in Dy[H(PO3)4]. Under
excitation at 349 nm Dy[H(PO3)4] exhibits sharp emission lines between 460 and
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675 nm, which correspond to the f–f electronic transitions 4F9/2→6H15/2 (482 nm),
4F9/2→6H13/2 (573 nm) and 4F9/2→6H11/2 (671 nm) [67]. The most intense transition
4F9/2→6H13/2 is sensitive to the surrounding of Dy3+, and is thus called hypersensi-
tive. The surrounding of Dy3+ in Dy[H(PO3)4] is of relatively low symmetry (single
capped trigonal prismatic), therefore the intensity of the hypersensitive transition is
increased with respect to the 4F9/2→6H15/2 transition [54, 70].
Doping of Dy[H(PO3)4] with increasing concentrations of Ce3+ (5, 10, 30 mol%) was
carried out to investigate the effect of Ce3+ as sensitizer. The presence of cerium and
the corresponding ratios of Dy:Ce were investigated via EDX spectroscopy. The re-
sulting ratios are 1:0.04 (expected: 1:0.05), 1:0.07 (1:0.10) and 1:0.26 (1:0.30), which
are within the limits of accuracy of the measurements very close to the expected
values. Due to an overlap in the wavelength range of the emission bands of Ce3+
and the excitation spectrum of Dy3+ an energy transfer could be expected. Tran-
sitions in Ce3+ are f–d transitions, which are allowed due to the selection rules,
and thus lead to broad and intense bands in the fluorescence spectrum [46]. The
fluorescence spectra of the doped samples Dy[H(PO3)4]:Ce3+ are shown in Figure
6.17. The excitation spectra exhibit strongly increasing broad band intensities of
Ce3+ at 302 nm (2F5/2→5d). In the emission spectra, next to a broad band emission
of Ce3+ peaking at 317 nm (5d→2F5/2) and 336 nm (5d→2F7/2) two comparably weak
emission bands of Dy3+, corresponding to the f–f electronic transitions 4F9/2→6H15/2
and 4F9/2→6H13/2, can be observed.
Figure 6.17: Excitation and emission spectra of Dy[H(PO3)4]:Ce
3+ (5%
black/orange, 10% dark grey/red, 30% grey/violet).
Despite the low Dy3+ emission intensities the hypersensitive transition 4F9/2→6H13/2
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can still be observed with higher intensity compared to the 4F9/2→6H15/2 transition.
Doubling the content of Ce3+ from 5 to 10 mol% the emission intensity of Dy3+ also
increases equally (4F9/2→6H15/2), whereas the hypersensitive transition 4F9/2→6H13/2
even triples. A further increase of the Ce3+ content to 30 mol% leads to a raised
intensity of a factor of 2.5 for the 4F9/2→6H15/2 transition and a factor of 1.7 for the
4F9/2→6H13/2 transition. Thus, the emission intensities of Dy3+ increase slightly with
increasing Ce3+ content but do not prove an efficient Ce3+→Dy3+ energy transfer.
The intensity of the f–d transition in the excitation spectrum increases correspond-
ing to the increasing Ce3+ content.
According to Luo and Yang satisfying energy transfer rates in the system Dy3+/Ce3+
could be reached, if the ratio of Dy3+ to Ce3+ ions is decreased to about 1:3, before
luminescence quenching of Ce3+ occurs [201–203]. By reversing the Dy3+/Ce3+ ra-
tio and increasing the content of Ce3+ to Ce0.75Dy0.25[H(PO3)4] an efficient energy
transfer might be reached, which represents rather a substitution than a doping
process.
Doping Dy[H(PO3)4] with 5 mol% Eu3+ leads to the typical sharp excitation and
emission bands of Dy3+ and Eu3+ (Figure 6.18).
Figure 6.18: Excitation (black) and emission (red) spectrum of
Dy[H(PO3)4]:Eu
3+.
The ratio of Dy:Eu was investigated via EDX spectroscopy comprising a ratio of
1:0.04, which is very close to the expected ratio (1:0.05). Under excitation at 392 nm
Dy[H(PO3)4]:Eu3+ exhibits sharp emission lines between 530 and 757 nm, which
can be assigned to the 5D1→7F1 (536 nm), 5D0→7F0 (553 nm), 5D0→7F1 (593 nm),
5D0→7F2 (614 nm), 5D0→7F3 (646 nm), 5D1→7F5 (663 nm), 5D0→7F4 (700 nm) and
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5D0→7F5 (750 nm) transitions of Eu3+ [53]. The most intense transition 5D0→7F2 at
614 nm is called hypersensitive due to its sensitivity to the surrounding of Eu3+. It
is dominant over the 5D0→7F1 transition because of the asymmetric surrounding of
Eu3+ in Dy[H(PO3)4]:Eu3+, which proves its partial substitution of Dy3+ sites [55, 56].
Besides the emission bands of Eu3+ two emission bands of Dy3+ can be observed
at 573 and 722 nm, which can be assigned to the 4F9/2→6H13/2 and 6F1/2→6H15/2
transitions of Dy3+ [67].
6.1.8 Magnetic Properties
Due to the presence of one proton and the thus postulated sum formula of
Tb[H(PO3)4], the valence state of terbium was confirmed by a magnetic suscep-
tibility measurement, which was recorded in a field of 1000 Oe over the temperature
range of 1.8 K<T< 400 K (Figure 6.19). In the whole temperature range the mo-
lar susceptibility obeys Curie’s law (χm = C/T) very well with a Curie constant of
C = 11.3792 emu⋅mol−1⋅K−1. The Curie constant corresponds to an effective mag-
netic moment per Tb3+ ion of µeff = 9.54µB, which is close to the theoretical value
(µeff = 9.72µB) and to experimental effective magnetic moments of Tb3+ ions (9.7–
9.8µB) [80].
Figure 6.19: Temperature dependence of the magnetic susceptibility χ of
Tb[H(PO3)4].
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6.1.9 Thermal Analysis
The thermal behaviour of Tb[H(PO3)4] was investigated between room temperature
and 1450 °C (Figure 6.20). The thermogravimetric curve reveals several undefined
steps with a total mass loss of 15.2 wt% in the temperature range of 500–1450 °C.
Assuming that besides 0.5 moles of H2O a further 0.5 moles of P2O5 evaporate (theor.
mass loss: 16.8 wt%) a final composition of TbP3O9 may be assumed (Equation 6.1).
After the thermal treatment the product was glazed and the expected composition
could not be confirmed via X-ray powder diffraction.
Figure 6.20: Thermogravimetric analysis of Tb[H(PO3)4].
Tb[H(PO3)4] ∆Ð→N2 TbP3O9 + 0.5P2O5 + 0.5H2O (6.1)
Temperature-dependent X-ray powder diffraction confirms that Tb[H(PO3)4] is sta-
ble up to 500 °C (Figure 6.21). At 900 °C α-TbP3O9 (grey) represents the main
phase next to a small part of TbP5O14 [92] (marked with *). This leads to the
conclusion that the assumption of losing half a mole of each, H2O and P2O5, in the
thermal analysis is correct.
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Figure 6.21: Temperature-dependent X-ray diffraction patterns of
Tb[H(PO3)4] recorded between 50 and 900 °C, calculated powder diffraction
pattern from single-crystal data of α-TbP3O9 (grey) and side phase TbP5O14
(*).
Tb[H(PO3)4] exhibits infinite chains of [HP4O12]3− and [P3O9]3− anions. Hence it
does not surprise that thermal decomposition leads to elimination of the hydroxyl
groups by evaporation of water. Astonishingly, under nitrogen flow this process does
not occur below 500 °C. Since an increasing stability is expected with an increasing
connectivity, the thermal stability of Tb[H(PO3)4] possessing infinite polyphosphate
chains, is estimated to be higher, than for non-condensed cyclotetraphosphates,
e.g. Ba2(P4O12)⋅3.5H2O [98], which decomposes till 380 °C. In contrast, thermal
decomposition of the ultraphosphate YP5O14, which comprises a higher degree of
condensation, does not occur until 760 °C [204].
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6.1.10 Discussion
The samples of the lanthanide hydrogen-polyphosphates Ln[H(PO3)4] (Ln = Tb, Dy,
Ho) were obtained as phase pure powders and their structures could be solved and
refined based on single-crystal X-ray diffraction (Ln = Tb, Ho) and refined by a
Rietveld refinement (Ln = Dy). Via MAPLE calculations the allocation of the sin-
gle proton could be proved on the one hand, and on the other hand the electrostatic
consistency of the structure model of Ln[H(PO3)4] (Ln = Tb, Ho) was confirmed.
The postulated structure by Palkina et al. [173] and the calculated unit cell pa-
rameters by Selevich et al. [205] are very close to the data obtained in this work.
An X-ray diffraction study of a number of the synthesised phosphates was carried
out by Selevich et al. and the crystallographic data of Er[H(PO3)4] [173] was used
for the calculation of the theoretical lattice parameters of Ln[H(PO3)4] (Ln= Eu–
Er, Y) [205]. In Table 6.17 the lattice parameters of Ln[H(PO3)4] (Ln= Eu–Er,
Y) [205], Er[H(PO3)4] [173] and Ln[H(PO3)4] (Ln= Tb–Ho) [180] are summarised.
For a better comparison of the values the assignment of the axes in Ln[H(PO3)4]
(Ln= Tb–Ho) [180] was adapted to the assignment by Selevich et al. and Palkina
et al..
Table 6.17: Comparison of the lattice parameters of Ln[H(PO3)4] (Ln= Eu–
Er, Y) by Selevich et al. [205], Er[H(PO3)4] by Palkina et al. [173] and
Ln[H(PO3)4] (Ln= Tb–Ho) [180]
Ln a / A˚ b / A˚ c / A˚ β / ° V / A˚ Ref.
Eu 9.681(13) 7.110(13) 13.752(15)101.26(10) 928(2) [205]
Gd 9.647(8) 7.089(6) 13.706(8) 101.17(7) 920(1) [205]
Tb 9.633(8) 7.096(6) 13.672(9) 101.11(6) 917(1) [205]
Tb 9.6579(3) 7.1042(2) 13.6824(4)101.200(1) 920.89(5) [180]
Dy 9.594(7) 7.085(5) 13.645(8) 101.07(7) 910(1) [205]
Dy 9.6215(2) 7.0974(1) 13.6585(3)101.116(1) 915.21(3) [180]
Ho 9.596(7) 7.086(6) 13.642(9) 101.01(7) 911(1) [205]
Ho 9.5907(4) 7.0924(3) 13.6334(5)101.055(1) 910.15(6) [180]
Er 9.555(7) 7.070(5) 13.599(9) 101.00(6) 902(1) [205]
Er 9.574(2) 7.096(1) 13.637(3) 100.95(1) 909.6 [173]
Y 9.575(9) 7.068(6) 13.606(9) 101.02(6) 904(1) [205]
Both the results presented by Selevich et al. and in this work reveal a decrease of the
lattice parameters of Ln[H(PO3)4] (Ln= Eu–Er, Y) going from left to right in the
periodic table. This trend fits very well to the decreasing ionic radii in this period
[60]. Due to the increasing positive nuclear charge electrons of the s and p orbitals are
stronger attracted by the core. Thus, the so called lanthanide contraction occurs.
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In contrast to the calculated lattice parameters of Ln[H(PO3)4] (Ln= Eu–Er, Y)
investigated by Selevich et al. the lattice parameters of Ln[H(PO3)4] (Ln= Tb–
Ho) were received by single-crystal structure analysis (Ln= Tb, Ho) and a Rietveld
refinement (Ln= Dy). Hence, it does not surprise that the values presented in
this work show a higher accuracy. Furthermore, all data received by single-crystal
structure analysis [173, 180] reveal slightly larger values with an exception of the c
axis in Ho[H(PO3)4]. Depending on the source of the values of ionic radii, deviations
between calculated and experimental lattice parameters can occur. The largest
influence of the lanthanide ion occurs on the a and c axis. Lanthanide ions in
Ln[H(PO3)4] (Ln= Eu–Er, Y) are situated between the helical phosphate chains
and particularly influence the a and c axis depending on their size (Figure 6.6).
The phosphate chains are running along the b axis and thus this dimension is not
influenced that strongly (Table 6.17).
The optical properties show the typical UV-Vis reflection and fluorescence spectra
of Tb3+, Dy3+ and Ho3+ ions exhibiting their characteristic absorption and emission
bands, respectively. A further proof of the valence state of Tb3+ revealed a magnetic
susceptibility measurement. The received effective magnetic moment µeff of terbium
agrees well with the theoretical value and other experimental effective magnetic
moments of Tb3+. Doping of Dy[H(PO3)4] with increasing amounts of Ce3+ showed
increasing and intense emission bands of Ce3+ in the UV region and very weak but
still slightly increasing emission bands of Dy3+. The well-known energy transfer from
Ce3+ to Dy3+ could not be observed very efficiently due to the rather high ratio of
Dy3+ to Ce3+. Reversing the ratio might lead to a satisfying energy transfer but
up to now compounds with a ratio of Dy3+:Ce3+ < 0.7:0.3 have not been observed
yet. Doping of Dy[H(PO3)4] with Eu3+ exhibited, next to the characteristic emission
lines of Eu3+, two emission bands of Dy3+. The evidence of Eu3+ partially occupying
Dy3+ sites is given due to the dominant hypersensitive 5D0→7F2 transition, which
indicates an asymmetric surrounding of Eu3+ (CN = 7).
Compounds comprising protons tend to be unstable at higher temperatures [206].
In contrast, Tb[H(PO3)4] possesses a relatively high thermal stability up to 500 °C
and releases next to 0.5 moles of H2O another 0.5 moles of P2O5 (Equation 6.1).
Via temperature-dependent X-ray powder diffraction the postulated decomposition
to TbP3O9 (main phase) and TbP5O14 (side phase) was confirmed. Selevich et al.
performed the thermal analysis within the temperature range of 25–1000 °C with
a heating rate of 10 °C⋅min−1. Due to the lack of any indication of the applied
atmosphere during the heating process I assume the same conditions were applied
as during the synthesis process. Thus, the thermal analysis was carried out in air
and naturally proceeds in a shorter and lower temperature range (350–600 °C) than
in an inert atmosphere (500–1450 °C) as done in this work.
96 6 Phosphates
Selevich et al. determined the thermal decomposition of Ln[H(PO3)4] (Ln = Y,
Gd–Er) between 350–600 °C via the thin layer method. Initially, this method was
developed to investigate phase equilibria of viscous hardly crystallising systems with
a volatile component. Layers of 2–5 mm thickness contained the corresponding lan-
thanide starting material and phosphoric acid in an moderate excess. The tempera-
ture was raised in steps of 25 °C. The isothermal phases were held between several
days and months until the phase formation was finished [205]. The method applied
by Selevich et al. exhibits several aspects, which differ quite strongly from the basic
conditions applied for Tb[H(PO3)4] in this work.
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6.2 Strontiumtetraphosphate Sr3P4O13
In 1955 McKeag and Steward first synthesised Sr3P4O13 [207]. Their focus was
on the investigation of the luminescent and structural properties of tin or tin and
manganese co-activated strontium and barium pyro- and tetraphosphates. For the
first time the crystal structures of those compounds were investigated via X-ray
powder diffraction. In 1958 General Electrics patented the above mentioned com-
pounds als luminescent materials [208]. Several years later in 1967 Kreidler and
Hummel investigated the phase relationships in the system SrO–P2O5 (Figure 6.22)
[209]. Besides the publication of more detailed X-ray powder diffraction data, they
postulated Sr3P4O13 existing in only one crystallographic modification.
In 2004 Zhang et al. determined the single-crystal structure of Sr3P4O13, which crys-
tallises in the triclinic space group P 1¯ with the lattice parameters a= 7.2755(1) A˚,
b= 7.7260(1) A˚, c= 10.1935(2) A˚, α= 102.28(0)°, β= 103.46(0)° and γ= 94.35(0)°,
exhibiting an unit cell volume of V = 537.75(16) A˚3. The compound possesses a
layered structure containing SrO7 polyhedra and tetraphosphate [P4O13]6− anions
[106].
Recently, Zhang et al. investigated the temperature dependence of the luminescence
properties of Sr3P4O13:Eu2+. In the temperature range of 20 to 503 K a blue emission
was observed. In contrast to room temperature, where an emission maximum is
found at λmax = 410 nm, at low temperatures a splitting into two emission maxima
(λmax1 = 400 nm, λmax2 = 430 nm) occured. Consequently, Zhang et al. expected two
chemically different environments of Eu2+ sites [110].
In 2008 Okonek performed structural investigations of Sr3P4O13 at room tempera-
ture and at 150 K. At room temperature her results coincide with Zhang et al.
(2004). At low temperatures a structure solution was not possible, due to strong
superstructure reflections, but a phase transition was assumed [210].
In the following chapter the synthesis and the crystal structures at room tempera-
ture and at 100 K are described. Furthermore, the luminescence properties of
Sr3P4O13:Eu3+ and Sr3P4O13:Eu2+ are characterised.
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6.2.1 Synthesis
Sr3P4O13 was synthesised via solid-state synthesis according to the following reaction
equation:
3 SrCO3 + 4 (NH4)2HPO4 ∆Ð→ Sr3P4O13 + 3 CO2(g) + 6 H2O(g) + 8 NH3(g) (6.2)
A mixture of 221.4 mg (1.500 mmol) SrCO3 and 264.2 mg (2.001 mmol) (NH4)2HPO4
was finely ground in an agate mortar and transferred into an alumina boat. The
mixture was heated up to 930 °C with a heating rate of 120 °C/h, kept at this tem-
perature for three hours and cooled down to room temperature with a cooling rate
of 180 °C/h. Sr3P4O13 was obtained as a colourless micro-crystalline powder.
In order to obtain single-crystals of Sr3P4O13, β-Sr(PO3)2was synthesised first as a
precursor:
SrCO3 + 2 H3PO3 ∆Ð→ β-Sr(PO3)2 +CO2(g) + 3 H2O(g) (6.3)
A mixture of 148.0 mg (1.003 mmol) SrCO3 and 210.1 mg (2.562 mmol) H3PO3 was
finely ground in an agate mortar and transferred into an alumina boat. The mixture
was heated up to 500 °C with a heating rate of 30 °C/h, kept at this temperature
for one hour and cooled down to room temperature with a cooling rate of 120 °C/h.
β-Sr(PO3)2 was obtained phase pure as colourless intermediate.
The synthesis of highly crystalline Sr3P4O13 was carried out by annealing β-Sr(PO3)2
at 950 °C for several days. Single-crystals of Sr3P4O13 were obtained as a side phase
next to β-Sr(PO3)2. According to Kreidler and Hummel glowing β-Sr(PO3)2 for a
long period of time first leads to Sr3P4O13 before the thermodynamically more stable
strontiumpyrophosphate Sr2P2O7 arises, due to the evaporation of P2O5 (Figure
6.22 red arrows) [209]. Sr3P4O13 was doped with 3.4 mol% Eu3+ by substituting the
corresponding amount of SrCO3 by 1.7 mol% (9.1 mg) Eu2O3.
Sr3P4O13:Eu2+ was synthesised by heating Sr3P4O13:Eu3+ up to 850 °C for two hours
in a forming gas flow with a heating rate of 300 °C/h and cooling down to room
temperature with a cooling rate of 100 °C/h. This synthesis route always lead to
Sr2P2O7 as side product. Long annealing steps lead to higher contents of Sr2P2O7,
whereas shorter annealing steps only resulted in a partial reduction of Eu3+ to Eu2+.
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Figure 6.22: Phase diagram in the system SrO–P2O5 between a P2O5 content
of 0–60 %; S3P = Sr3(PO4)2, S2P = Sr2P2O7 (blue), S3P2 = Sr3P4O13 (orange),
SP = Sr3(PO3)2 (green) [209]; red arrows: evaporation of P2O5 by annealing
β-Sr(PO3)2 at 950 °C.
6.2.2 X-Ray Powder Diffraction
The phase purity of the samples was checked by X-ray powder diffraction. Phase
pure micro-crystalline Sr3P4O13 (Figure 6.23) was obtained via reaction Equation
6.2. After annealing β-Sr(PO3)2, synthesised via reaction Equation 6.3, for several
days β-Sr(PO3)2 represents still the main phase including highly crystalline Sr3P4O13
as side phase (Figure 6.24).
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Figure 6.23: X-ray powder diffraction pattern of micro-crystalline Sr3P4O13
(red) and calculated X-ray powder diffraction pattern from single-crystal data
of Sr3P4O13 (black).
Figure 6.24: X-ray powder diffraction pattern of β-Sr(PO3)2 (red), calculated
X-ray powder diffraction patterns from single-crystal data of β-Sr(PO3)2 [211]
(green) and Sr3P4O13 (black).
6 Phosphates 101
6.2.3 Crystal Structure Determination
A colourless single-crystal of Sr3P4O13 with a size of 0.044 × 0.034 × 0.026 mm3 was
isolated and mounted on a MicroMount. The selection of the crystal data at room
temperature and at 100 K was run on a Bruker D8 Venture single-crystal diffrac-
tometer using Mo radiation. A multi-scan absorption correction was subsequently
performed.
6.2.3.1 Crystal Structure Determination at Room Temperature
At room temperature RT-Sr3P4O13 crystallises in the triclinic space group P 1¯ with
the lattice parameters a= 5.5244(2) A˚, b= 6.9126(2) A˚, c= 7.7199(2) A˚,
α= 83.316(1)°, β= 75.788(1)° and γ= 70.553(1)° (Table 6.18).
12693 reflections were collected. Out of 1571 independent reflections 1478 were
observed (F2o > 2σ (F
2
o), Rint = 0.0340). The crystallographic data as well as the
parameters of the measurement and refinement are summarised in Table 6.18. The
structure was solved by direct methods and refined by full matrix least-squares tech-
nique using the programs SHELXS-97 and SHELXTL-97 [21, 22]. The anisotropic
refinement revealed R-values of R1 = 0.0179 and wR2 = 0.0449. The Sr, P and O
atoms could be clearly located. The refined atomic coordinates, anisotropic dis-
placement parameters, selected interatomic distances and angles are summarised in
Tables 6.19 to 6.21. The occupancy of Oterm4A, Oterm4B, Oterm5A and Oterm5B was
checked with free variables. Almost exactly a value of 50 % disorder was observed.
The structure solution and refinement was also carried out in the space group P1,
whereas the ratio of the two individuals was equal, too. Hence, the structure solution
in the space group P 1¯ is the more reasonable one.
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Table 6.18: Single-crystal refinement parameters of RT-Sr3P4O13; standard
deviations in brackets
Sum formula Sr3P4O13
Temperature / K 297(2)
Molar weight / g⋅mol−1 594.75
Crystal system triclinic
Space group P 1¯ (no. 2)
Crystal shape irregular
Crystal size / mm3 0.044 × 0.034 × 0.026
Colour colourless
a / A˚ 5.5244(2)
b / A˚ 6.9126(2)
c / A˚ 7.7199(2)
α / ° 83.316(1)
β / ° 75.788(1)
γ / ° 70.553(1)
Volume / A˚3 269.29(1)
Z 1
Calculated density Dx / g⋅cm−3 3.667
Absorption coefficient µ / mm−1 15.47
F(000) 278
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Transmission factor (min./max.) 0.6719 / 0.7484
Index range h|k|l (min./max.) -7/7 | -9/9 | -10/10
Theta range / ° 2.72 ≤ θ ≤ 29.98
Reflections collected 12693
Independent reflections 1571
Observed reflections 1478 (F2o > 2σ (F
2
o))
Rint 0.0340
Refined parameters 89
Rσ 0.0155
R1 (all data) 0.0179
wR2 (all data) 0.0449
Weighting scheme w−1=σ2 F2o + (0.0251 P)2 + 0.2203 P;
P = (F2o + 2 F
2
c)/3
GooF 1.073
Residual electron density -0.42/0.70
(min./max.) / e−⋅A˚−3
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Table 6.19: Refined atomic coordinates, Wyckoff symbols, occupancy and
isotropic displacement parameters Ueq / A˚
2 in RT-Sr3P4O13; standard devia-
tions in brackets
Atom
Wyckoff
symbol
x y z Occ. Ueq
Sr1 2i 0.34323(3) 0.91935(3) 0.27661(2) 1 0.01167(6)
Sr2 1g 0.0000 0.5000 0.5000 0.5 0.01625(7)
P1 2i 0.34368(9) 0.69045(7) 0.69075(6) 1 0.00810(10)
P2 2i 0.00938(9) 0.28467(7) −0.03825(6) 1 0.00857(10)
Obr1 2i −0.2393(3) 0.2530(3) 0.09919(19) 1 0.0151(3)
Obr2 2i 0.0581(6) 0.4807(5) 0.0314(4) 0.5 0.0138(6)
Oterm1 2i 0.4366(3) 0.2175(3) 0.3775(2) 1 0.0175(3)
Oterm2 2i 0.1121(3) 0.7960(2) 0.60231(19) 1 0.0125(3)
Oterm3 2i 0.5756(4) 0.5387(2) 0.3135(2) 1 0.0244(4)
Oterm4A 2i 0.0182(6) 0.7630(5) 0.2199(4) 0.5 0.0140(4)
Oterm4B 2i 0.2600(6) 0.1667(5) 0.0118(4) 0.5 0.0114(4)
Oterm5A 2i 0.0451(6) 0.6829(5) 0.2179(4) 0.5 0.0140(4)
Oterm5B 2i 0.2495(6) 0.1148(5) −0.0122(4) 0.5 0.0114(4)
Obr = bridging oxygen atom; Oterm = terminal oxygen atom;
Table 6.20: Anisotropic displacement parameters Uij / A˚
2 in RT-Sr3P4O13;
standard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
Sr1 0.01016(9) 0.01077(9) 0.01161(9) 0.00215(6) −0.00093(6) −0.00199(6)
Sr2 0.01537(13) 0.00893(12) 0.02560(15) −0.00481(10) −0.00782(11) −0.00160(9)
P1 0.0070(2) 0.0084(2) 0.0077(2) −0.00056(15) −0.00056(16) −0.00159(16)
P2 0.0093(2) 0.0078(2) 0.0069(2) −0.00038(16) −0.00089(16) −0.00112(17)
Obr1 0.0115(7) 0.0269(8) 0.0088(6) −0.0047(6) 0.0006(5) −0.0089(6)
Oterm1 0.0113(7) 0.0265(8) 0.0168(7) −0.0076(6) 0.0031(5) −0.0108(6)
Oterm2 0.0102(6) 0.0146(7) 0.0122(6) 0.0007(5) −0.0044(5) −0.0023(5)
Oterm3 0.0351(10) 0.0088(7) 0.0151(7) 0.0008(5) 0.0046(7) 0.0039(6)
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Table 6.21: Selected interatomic distances / A˚ and angles / ° in RT-Sr3P4O13;
standard deviations in brackets
P–Obr 1.543(3)–1.638(3)
P–Oterm 1.467(3)–1.531(3)
Sr–O 2.518(2)–3.238(2)
P–Obr–P 128.5(1)–149.1(2)
Oterm–P–Oterm 111.4(1)–117.4(2)
Oterm–P–Obr 101.5(2)–114.0(2)
Obr–P–Obr 99.9(1)–105.6(1)
6.2.3.2 Crystal Structure Determination at 100 K
Before starting the measurement a single-crystal of Sr3P4O13 was cooled down to
100 K with a cooling rate of 20 °C/h in order to obtain a proper arrangement of all
atoms. Faster cooling rates (≥ 25 °C/h) did not lead to a complete phase transition.
At 100 K exclusively the larger unit cell (see Chapter 6.2.3.1) could be found, which
is around twice as big in size compared to the unit cell dimensions at room tempera-
ture. Thus, Z = 2 and the lattice parameters are a= 7.2636(3) A˚, b= 7.7033(3) A˚,
c= 10.1576(4) A˚, α= 102.207(1)°, β= 103.511(1)° and γ= 94.448(1)°. 67206 reflec-
tions were collected. Out of 8999 independent reflections 7169 were observed
(F2o > 2σ (F
2
o), Rint = 0.0695). The crystallographic data as well as the parameters of
the measurement and refinement are summarised in Table 6.22. The structure was
solved by direct methods and refined by full matrix least-squares technique using
the programs SHELXS-97 and SHELXTL-97 [21, 22]. The anisotropic refinement
revealed R-values of R1 = 0.0379 and wR2 = 0.0686. The Sr, P and O atoms could
be clearly located. The refined atomic coordinates, anisotropic displacement param-
eters, selected interatomic distances and angles are summarised in Tables 6.23 to
6.25.
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Table 6.22: Single-crystal refinement parameters of LT-Sr3P4O13; standard
deviations in brackets
Sum formula Sr3P4O13
Temperature / K 100(2)
Molar weight / g⋅mol−1 594.74
Crystal system triclinic
Space group P 1¯ (no. 2)
Crystal shape irregular
Crystal size / mm3 0.044 × 0.034 × 0.026
Colour colourless
a / A˚ 7.2636(3)
b / A˚ 7.7033(3)
c / A˚ 10.1576(4)
α / ° 102.207(1)
β / ° 103.511(1)
γ / ° 94.448(1)
Volume / A˚3 535.29(4)
Z 2
Calculated density Dx / g⋅cm−3 3.690
Absorption coefficient µ / mm−1 15.57
F(000) 556
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Transmission factor (min./max.) 0.6857 / 0.7489
Index range h|k|l (min./max.) -14/14 | -15/15 | -20/20
Theta range / ° 2.12 ≤ θ ≤ 45.44
Reflections collected 67206
Independent reflections 8999
Observed reflections 7169 (F2o > 2σ (F
2
o))
Rint 0.0695
Refined parameters 182
Rσ 0.0492
R1 (all data) 0.0379
wR2 (all data) 0.0686
Weighting scheme w−1=σ2 F2o + (0.0268 P)2 + 0.4712 P;
P = (F2o + 2 F
2
c)/3
GooF 1.039
Residual electron density -1.13/1.98
(min./max.) / e−⋅A˚−3
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Table 6.23: Refined atomic coordinates, Wyckoff symbols and isotropic dis-
placement parameters Ueq / A˚
2 in LT-Sr3P4O13; standard deviations in brack-
ets
Atom
Wyckoff
symbol
x y z Ueq
Sr1 2i 0.20754(2) 0.71729(2) 0.136892(15) 0.00271(3)
Sr2 2i 0.74758(2) 0.47952(2) 0.241538(15) 0.00312(3)
Sr3 2i 0.28517(2) 0.27088(2) 0.375768(16) 0.00300(3)
P1 2i 0.17056(6) 0.69144(6) 0.48811(4) 0.00246(6)
P2 2i 0.63845(6) 0.96210(5) 0.34604(4) 0.00256(6)
P3 2i 0.86346(6) 0.03954(5) 0.14080(4) 0.00241(6)
P4 2i 0.32468(6) 0.31006(6) 0.02339(4) 0.00253(6)
Obr1 2i 0.75897(18) 0.09558(16) 0.48534(12) 0.00411(18)
Obr2 2i 0.70703(18) 0.03344(16) 0.22662(13) 0.00474(19)
Obr3 2i 0.76505(18) −0.10143(15) −0.00158(12) 0.00382(18)
Oterm1 2i 0.09654(18) 0.62788(17) 0.33219(12) 0.00487(19)
Oterm2 2i 0.65281(18) 0.39432(16) 0.45604(13) 0.00456(19)
Oterm3 2i 0.97296(18) 0.31954(16) 0.42716(13) 0.00497(19)
Oterm4 2i 0.68333(19) 0.77954(16) 0.35910(13) 0.0060(2)
Oterm5 2i 0.43219(18) 0.98641(16) 0.31757(13) 0.00513(19)
Oterm6 2i 0.04462(18) 0.98674(16) 0.21457(13) 0.00522(19)
Oterm7 2i 0.87550(19) 0.21960(16) 0.10741(13) 0.00519(19)
Oterm8 2i 0.50629(19) 0.69286(17) 0.03851(14) 0.0072(2)
Oterm9 2i 0.83727(18) 0.59998(16) 0.04793(13) 0.00469(19)
Oterm10 2i 0.37852(19) 0.38420(17) 0.18053(12) 0.0056(2)
Obr = bridging oxygen atom; Oterm = terminal oxygen atom;
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Table 6.24: Anisotropic displacement parameters Uij / A˚
2 in LT-Sr3P4O13;
standard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
Sr1 0.00271(6) 0.00291(5) 0.00245(5) 0.00022(4) 0.00103(4) 0.00013(4)
Sr2 0.00332(6) 0.00301(6) 0.00342(6) 0.00068(4) 0.00169(4) 0.00041(4)
Sr3 0.00256(6) 0.00309(5) 0.00325(6) 0.00013(4) 0.00119(4) 0.00017(4)
P1 0.00248(16) 0.00260(14) 0.00224(15) 0.00046(11) 0.00071(12) −0.00001(12)
P2 0.00281(16) 0.00207(14) 0.00286(15) 0.00055(12) 0.00091(12) 0.00027(12)
P3 0.00252(16) 0.00212(14) 0.00267(15) 0.00060(11) 0.00084(12) 0.00020(12)
P4 0.00220(16) 0.00253(15) 0.00261(15) 0.00021(12) 0.00059(12) 0.00006(12)
Obr1 0.0056(5) 0.0035(4) 0.0027(4) 0.0008(3) 0.0004(4) −0.0005(3)
Obr2 0.0046(5) 0.0059(4) 0.0046(4) 0.0012(4) 0.0030(4) 0.0004(4)
Obr3 0.0046(5) 0.0025(4) 0.0035(4) −0.0007(3) 0.0009(4) −0.0004(3)
Oterm1 0.0051(5) 0.0063(5) 0.0017(4) −0.0001(3) −0.0006(4) −0.0017(4)
Oterm2 0.0037(5) 0.0049(4) 0.0053(5) 0.0016(4) 0.0011(4) 0.0009(4)
Oterm3 0.0055(5) 0.0052(4) 0.0052(5) 0.0013(4) 0.0032(4) 0.0006(4)
Oterm4 0.0085(5) 0.0027(4) 0.0067(5) 0.0013(4) 0.0017(4) 0.0009(4)
Oterm5 0.0035(5) 0.0057(5) 0.0062(5) 0.0011(4) 0.0015(4) 0.0005(4)
Oterm6 0.0033(5) 0.0051(4) 0.0064(5) 0.0008(4) 0.0000(4) 0.0009(4)
Oterm7 0.0075(5) 0.0033(4) 0.0054(5) 0.0014(4) 0.0026(4) 0.0006(4)
Oterm8 0.0059(5) 0.0054(5) 0.0111(5) −0.0003(4) 0.0058(4) −0.0006(4)
Oterm9 0.0041(5) 0.0042(4) 0.0056(5) 0.0022(4) 0.0000(4) 0.0005(4)
Oterm10 0.0077(5) 0.0056(5) 0.0021(4) 0.0000(3) 0.0001(4) −0.0008(4)
Table 6.25: Selected interatomic distances / A˚ and angles / ° in LT-Sr3P4O13;
standard deviations in brackets
P–Obr 1.579(1)–1.636(1)
P–Oterm 1.487(1)–1.534(1)
Sr–O 2.482(1)–3.233(1)
P–Obr–P 127.7(1)–147.4(1)
Oterm–P–Oterm 111.0(1)–116.8(1)
Oterm–P–Obr 103.3(1)–115.6(1)
Obr–P–Obr 102.6(1)–104.0(1)
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6.2.4 Crystal Structure Description
6.2.4.1 Crystal Structure Description at Room Temperature
At room temperature Sr3P4O13 crystallises in the triclinic space group P 1¯ with one
formula unit per unit cell. All atoms are located on the general Wyckoff position
2i except for Sr2, which possesses the Wyckoff symbol 1g. The structure of RT-
Sr3P4O13 consists of [P4O13]6− chains of corner-sharing phosphate tetrahedra sepa-
rated by layers of edge- and corner-sharing six-membered rings in chair conformation
of Sr2+ ions (Figures 6.25 and 6.26).
Figure 6.25: [P4O13]
6− chains separated by layers of edge- and corner-sharing
six-membered rings in chair conformation of Sr2+ ions in viewing direction
[010] in RT-Sr3P4O13; phosphate tetrahedra blue, strontium atoms grey.
Figure 6.26: Layer of edge- and corner-sharing chairs of strontium atoms (grey)
in RT-Sr3P4O13.
Due to the presence of the inversion centre located directly between the two P2
atoms, splitting of Obr2 occurs, which is shown in Figure 6.27.
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Figure 6.27: [P4O13]
6− chain in RT-Sr3P4O13. The displacement ellipsoids are
drawn on a probability level of 75 %.
The presence of two different individuals is indicated by the disordered Obr2 atom
site. Oterm4 and Oterm5, which are also connected to P2, show quite large principal
mean square atomic displacements (Table 6.26).
Table 6.26: Principal Mean Square Atomic Displacements U of RT-Sr3P4O13
0.0168 0.0096 0.0087 Sr1
0.0275 0.0136 0.0078 Sr2
0.0098 0.0083 0.0064 P1
0.0117 0.0075 0.0066 P2
0.0273 0.0104 0.0076 Obr1
0.0247 0.0121 0.0060 Obr2
0.0312 0.0144 0.0072 Oterm1
0.0167 0.0131 0.0082 Oterm2
0.0529 0.0125 0.0072 Oterm3
0.1143 0.0173 0.0064 Oterm4
0.0795 0.0120 0.0078 Oterm5
Thus, two individuals of Oterm4 and Oterm5 with a ratio of 1:1 could be resolved,
which decreased the corresponding principal mean square atomic displacements (Ta-
ble 6.27).
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Table 6.27: Principal Mean Square Atomic Displacements U of disordered RT-
Sr3P4O13
0.0167 0.0096 0.0086 Sr1
0.0274 0.0136 0.0077 Sr2
0.0097 0.0083 0.0063 P1
0.0117 0.0073 0.0065 P2
0.0275 0.0101 0.0077 Obr1
0.0247 0.0119 0.0066 Obr2
0.0315 0.0139 0.0074 Oterm1
0.0161 0.0130 0.0082 Oterm2
0.0527 0.0128 0.0073 Oterm3
0.0178 0.0139 0.0057 Oterm4A
0.0222 0.0201 0.0093 Oterm4B
0.0186 0.0151 0.0095 Oterm5A
0.0165 0.0096 0.0045 Oterm5B
Figure 6.28: Disordered [P4O13]
6− chain in RT-Sr3P4O13. The displacement
ellipsoids are drawn on a probability level of 75 %.
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However, for the schematic representation Obr2, Oterm4A, Oterm4B, Oterm5A and
Oterm5B are handled as regular spheres with isotropic displacements (Figure 6.28).
Furthermore, interaction between disordered oxygen atoms was suppressed by treat-
ing them as two individuals with an occupation of 0.5.
The P–O distances range between 1.47 and 1.64 A˚. The bond lengths P–Obr lie
between 1.54 and 1.64 A˚, whereas P–Oterm distances lie between 1.47 and 1.53 A˚,
respectively. These values are in agreement with values found for other phos-
phates [196, 212]. P–Obr–P angles range between 129 and 149°. Oterm–P–Oterm,
Oterm–P–Obr and Obr–P–Obr angles range between 111–117° (Ø = 114°), 102–114°
(Ø = 108°) and 100–106° (Ø = 103°). respectively. Selected bond lengths and angles
of RT-Sr3P4O13 are listed in Table 6.21.
The deviation of tetrahedra from ideal symmetry was calculated by using the method
of Balic´-Zˇunic´ and Makovicky [35, 36]. The two crystallographically different phos-
phate tetrahedra in RT-Sr3P4O13 feature the values −0.06 % (P1), −0.56 % (P2A)
and −0.56 % (P2B), which are also found in other phosphate tetrahedra [97, 98, 187,
190, 191]. Exhibiting a deviation of less than 1 %, all tetrahedra are classified as
regular. In contrast, the deviation of tetrahedra considering the two different Obr2
with non-splitted oxygen atoms Oterm4 and Oterm5 shows larger values (P2: −4.29 %
and P2’: −2.28 %).
The single-crystal structure analysis reveals two crystallographically different sites
of the Sr2+ ions, which are coordinated distorted double capped trigonal prismatic
(Sr1) and distorted fourfold capped octahedral (Sr2) by eight and ten terminal oxy-
gen atoms, respectively (Figure 6.29). The Sr–O bond lengths range between 2.52–
3.24 A˚ (Table 6.21). In the inner coordination sphere (exclusively solid lines in Figure
6.29) the coordination numbers of both Sr atoms decrease to seven (Sr1) and six
(Sr2) terminal oxygen atoms forming a distorted single capped trigonal prismatic
polyhedron (Sr1) and a distorted octahedron (Sr2). The Sr–O bond lengths of the
inner coordination sphere range between 2.52 and 2.71 A˚. These values are in excel-
lent agreement with the sum of the ionic radii of Sr2+ (1.21 A˚) and O2− (1.35 A˚) [60].
Sr1 is linked to Sr2 via two terminal oxygen atoms, Oterm1 and Oterm3, respectively.
The differentiation between inner and extended coordination sphere arises due to the
presence of a gap regarding the coordination distances d(Sr–O) in a range between
2.70–3.12 A˚ (Sr1) and 2.59–2.96 A˚ (Sr2).
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Figure 6.29: Inner (solid lines) and extended (green dotted lines included)
coordination sphere of the two crystallographically different Sr2+ ions in RT-
Sr3P4O13. The displacement ellipsoids are drawn on a probability level of
50 %.
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6.2.4.2 Crystal Structure Description at 100 K
At 100 K LT-Sr3P4O13 also crystallises in the triclinic space group P 1¯ exhibiting a
doubled unit cell volume with two formula units. All atoms are located on the general
Wyckoff position 2i. The structure of LT-Sr3P4O13 also consists of [P4O13]6− chains
of corner-sharing phosphate tetrahedra separated by layers of edge- and corner-
sharing six-membered rings in chair conformation of Sr2+ ions (Figures 6.30 and
6.31).
Figure 6.30: [P4O13]
6− chains separated by layers of edge- and corner-sharing
six-membered rings in chair conformation of Sr2+ ions in viewing direction
[101] in LT-Sr3P4O13; phosphate tetrahedra blue, strontium atoms grey.
Figure 6.31: Layer of edge- and corner-sharing chairs of strontium atoms (grey)
in LT-Sr3P4O13.
The [P4O13]6− tetraphosphate chain kept its S-shaped curve (Figure 6.32).
The P–O distances range between 1.49 and 1.64 A˚. The bond lengths P–Obr lie
between 1.58 and 1.64 A˚, whereas P–Oterm distances lie between 1.49 and 1.53 A˚,
respectively. These values are in agreement with the values found by Zhang et
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al. (2004) [106] and correspond to typical data found for other phosphates [196,
212]. P–Obr–P angles range between 128 and 147°. Oterm–P–Oterm, Oterm–P–Obr and
Obr–P–Obr angles range between 111–117° (Ø = 114°), 103–116° (Ø = 108°) and 103–
104° (Ø = 103°), respectively. Selected bond lengths and angles of LT-Sr3P4O13 are
listed in Table 6.25.
Figure 6.32: [P4O13]
6− chain in LT-Sr3P4O13. The displacement ellipsoids are
drawn on a probability level of 95 %.
The deviation of tetrahedra from ideal symmetry was also calculated by using the
method of Balic´-Zˇunic´ and Makovicky [35, 36]. The four crystallographically differ-
ent phosphate tetrahedra in LT-Sr3P4O13 feature the values −0.17 % (P1), −0.74 %
(P2), −0.18 % (P3) and −0.05 % (P4). Exhibiting a deviation of less than 1 %, tetra-
hedra are classified as regular, which was also found for other phosphate tetrahedra
[97, 98, 187, 190, 191] and for RT-Sr3P4O13 (Chapter 6.2.4.1).
The single-crystal structure of LT-Sr3P4O13 reveals three crystallographically dif-
ferent sites of the Sr2+ ions, which are coordinated distorted double capped tri-
gonal prismatic by eight terminal oxygen atoms (Sr1 and Sr3) and distorted triple
capped trigonal prismatic by nine terminal oxygen atoms (Sr2) (Figure 6.33). The
Sr–O bond lengths range between 2.34–3.12 A˚ (Table 6.25). In the inner coordina-
tion sphere (exclusively solid lines, Figure 6.33) the coordination numbers of all Sr
atoms decrease to seven terminal oxygen atoms forming distorted single capped trig-
onal prisms. The Sr–O bond lengths of the inner coordination sphere range between
2.48–2.76 A˚. These values are in excellent agreement with the sum of the ionic radii
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of Sr2+ (1.21 A˚) and O2− (1.35 A˚) [60]. Sr2 is linked to Sr1 and Sr3 via two terminal
oxygen atoms (Oterm8/10 and Oterm2/4, respectively).
Figure 6.33: Inner (solid lines) and extended (dotted lines included) coordina-
tion sphere of the three crystallographically different Sr2+ ions in LT-Sr3P4O13.
The displacement ellipsoids are drawn on a probability level of 95 %.
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6.2.5 Electrostatic Calculations
Besides the coordination numbers of the Sr atoms (Tables 12.4 and 12.5) the electro-
static consistency of both the structure solution at room temperature and at 100 K
were verified based on the MAPLE concept (= Madelung Part of Lattice Energy)
[32, 33, 152]. According to the calculations, both structure models, RT-Sr3P4O13 and
LT-Sr3P4O13, respectively, show electrostatic consistency (Table 6.28). The MAPLE
value of the low temperature phase is slightly increased of about 430 kJ⋅mol−1. Due
to less vibrations at 100 K a higher density (Tables 6.18 and 6.22) and a smaller
cation–anion distance d0 occur. As a consequence the Madelung energy (Equation
3.11) increases. Thus, the comparison with MAPLE data of SrO [213] and P2O5
[193] at room temperature results in a total difference of about 1.2 %. A more precise
sum of MAPLE values was received by using data of P2O5 [214] at 233 K instead.
Table 6.28: MAPLE calculations for RT-Sr3P4O13 and LT-Sr3P4O13 [32, 33,
152]
RT-Sr3P4O13 3 SrO [213] + 2 P2O5 [193]
MAPLE = 99347 kJ⋅mol−1 MAPLE = 98610 kJ⋅mol−1
∆ = 0.7 %
LT-Sr3P4O13 3 SrO [213] + 2 P2O5 [214]
MAPLE = 99779 kJ⋅mol−1 MAPLE = 99082 kJ⋅mol−1
∆ = 0.7 %
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6.2.6 Spectroscopic Properties
6.2.6.1 IR Spectroscopy
The infrared spectrum of RT-Sr3P4O13 was recorded between 4000 and 400 cm−1
and is shown in Figure 6.34. The position of the bands and the corresponding
assignments are given in Table 6.29.
Figure 6.34: Infrared spectrum of RT-Sr3P4O13.
Table 6.29: Position / cm−1 and assignment of the IR bands in RT-Sr3P4O13
Position Assignment
1230, 1190, 1163 νas(PO) [215–219]
1074, 1022, 1005 νas(POP) [215, 216, 218]
958, 930, 777 νs(POP) [215–218]
735 δ(POP) [215, 218]
665, 609, 588, 534, 515, 480, 447 δ(PO2), δ(OPO) [215, 217–219]
The bands at 1230, 1190 and 1163 cm−1 can be assigned to the asymmetric P–O
stretching vibrations [215–219], while vibrations between 1074 and 1005 cm−1 and
between 958 and 777 cm−1 can be assigned to asymmetric and symmetric P–O–P
stretching vibrations, respectively [215–218]. The δ(POP) vibration is found at
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735 cm−1 [215, 218]. Characteristic bands of δ(PO2) and δ(OPO) are found between
665 and 447 cm−1 [215, 217–219].
6.2.6.2 UV-Vis Spectroscopy
In order to investigate the optical properties of RT-Sr3P4O13, the host structure
of RT-Sr3P4O13 was doped with 3.4 mol% Eu3+ (synthesis see Chapter 6.2.1). The
charge compensation due to the partial occupation of Sr2+ lattice sites by Eu3+ ions is
presumably accomplished by vacancies. Annealing of RT-Sr3P4O13:Eu3+ in forming
gas led to products with different compositions.
After an extended time of annealing completed reduction lead to RT-Sr3P4O13:Eu2+
with Sr2P2O7:Eu2+ as side product. After a shorter period of reductive annealing
RT-Sr3P4O13 could be obtained phase pure with a co-doping of Eu3+ and Eu2+.
The UV-Vis spectra of RT-Sr3P4O13:Eu3+ (red), RT-Sr3P4O13:Eu2+/Sr2P2O7:Eu2+
(blue), RT-Sr3P4O13:Eu2+/3+ (violet) and Sr2P2O7:Eu2+ (turquoise) are shown in
Figure 6.35. Between 450–800 nm no significant absorptions can be observed. For
RT-Sr3P4O13:Eu3+ and RT-Sr3P4O13:Eu2+/3+ a weak f–f absorption at 394 nm can
be observed, which is typical for Eu3+ ions [53]. Around 235 and 234 nm, respec-
tively, a ligand-to-metal charge transfer (LMCT) can be observed for both com-
pounds. In contrast to RT-Sr3P4O13:Eu3+, RT-Sr3P4O13:Eu2+/3+ shows a broad f–d
transition peaking at 318 nm (4f 7 5d0→4f 6 5d1) of the Eu2+ ion. RT-Sr3P4O13:Eu2+/
Sr2P2O7:Eu2+ also reveals a broad f–d transition at 316 nm exhibiting a shoulder to
longer wavelengths and a CT with two bands at 212 nm and 243 nm. Sr2P2O7:Eu2+
shows a similar behaviour. Broad and strong absorptions occur at 322 nm, 230 and
213 nm.
In RT-Sr3P4O13 Sr–O coordination distances lie between 2.52–3.24 A˚, whereas in
Sr2P2O7 distances are 2.39–2.99 A˚. Due to shorter Sr–O distances in Sr2P2O7 a
stronger interaction between strontium and oxygen atoms can be expected. Thus,
the f–d transition of Sr2P2O7:Eu2+ occurs at longer wavelengths (λ= 322 nm) com-
pared to RT-Sr3P4O13:Eu2+ (λ= 318 nm). The bands at 212 nm and 243 nm (RT-
Sr3P4O13:Eu2+/Sr2P2O7:Eu2+), and at 213 nm and 230 nm (Sr2P2O7:Eu2+), respec-
tively, correspond presumably also to the CT of the phosphate groups in both com-
pounds. Due to the overlap of the O2−→Eu3+ CT and the O2−→P5+ CT no precise
assignment can be made.
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Figure 6.35: UV-Vis spectra of RT-Sr3P4O13:Eu
3+ (red), RT-
Sr3P4O13:Eu
2+/Sr2P2O7:Eu2+ (blue) and RT-Sr3P4O13:Eu2+/3+ (violet).
6.2.6.3 Fluorescence Spectroscopy
The colourless powder of Sr3P4O13 ∶Eu3+ shows a strong red fluorescence under
excitation with UV light at 254 nm (Figure 6.36). The fluorescence spectrum of RT-
Sr3P4O13Eu3+ (Figure 6.37) reveals the characteristic f–f emissions of Eu3+ [53].
Figure 6.36: Red fluorescence of RT-Sr3P4O13:Eu
3+ at 254 nm.
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Figure 6.37: Excitation (black) and emission (red) spectrum of RT-
Sr3P4O13:Eu
3+.
An O2−→Eu3+ charge-transfer leads to a broad band in the excitation spectrum
between 230 and 290 nm. Under excitation at 393 nm RT-Sr3P4O13:Eu3+ exhibits
sharp emission lines between 570 and 760 nm, which can be assigned to the 5D0→7F1
(594 nm), 5D0→7F2 (612 nm), 5D0→7F3 (652 nm), 5D0→7F4 (699 nm) and 5D0→7F5
(754 nm) transitions. The hypersensitive transition (5D0→7F2) is weaker compared
to the 5D0→7F1 transition due to the presence of the inversion centre at the Sr2
site. At lower temperatures the chemical surrounding of Eu3+ changes from two to
three different strontium sites and the inversion centre at the Sr2 site disappears. A
change of the optical properties is expected as all strontium sites do not occupy any
centre of symmetry. Hence, the hypersensitive transition (5D0→7F2) is expected to
be stronger compared to the 5D0→7F1 transition and the emission colour changes to
a deeper red.
After an extended time of annealing complete reduction was achieved, which led to
RT-Sr3P4O13:Eu2+ with Sr2P2O7:Eu2+ as side product exhibiting a strong blue fluo-
rescence under excitation with UV light at 366 nm (Figure 6.38). The fluorescence
spectrum is shown in Figure 6.39.
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Figure 6.38: Blue fluorescence of RT-Sr3P4O13:Eu
2+ containing Sr2P2O7:Eu2+
[220] as side phase at 366 nm.
Figure 6.39: Excitation (black) and emission (blue) spectrum of RT-
Sr3P4O13:Eu
2+ containing Sr2P2O7:Eu2+ [220] as side phase.
In the excitation spectrum between 250 and 390 nm the broad and intense spin
and parity allowed 4f 7–4f 66d1 transition peaking at 345 nm with a shoulder around
316 nm can be observed. The absorption band at 316 nm showing a shoulder to
longer wavelengths in the UV-Vis spectrum of Sr3P4O13:Eu2+/Sr2P2O7:Eu2+ (Figure
6.35) fits very well to the band in the excitation spectrum (Figure 6.39). Both emis-
sion spectra of λexc = 316 nm and λexc = 345 nm reveal a broad band in the blue region
between 380 and 480 nm with a maximum at 404 nm. Compared to the emission
maxima of the chemically similar compounds α-Sr(PO3)2:Eu2+ [221] (λEm = 404 nm)
and of Sr2P2O7:Eu2+ [220] (λEm = 422 nm) the emission wavelength range in the blue
region was expected and fits very well to the wavelength found by Zhang et al. (2013)
for RT-Sr3P4O13:Eu2+ (404 nm) [110]. A closer look shows an asymmetric emission
band with a shoulder towards the long wavelength range and a centre at about
425 nm, which certainly originates from the side phase Sr2P2O7:Eu2+ [220]. As no
f–f transitions were found, the reduction of Eu3+ to Eu2+ was complete, but only
122 6 Phosphates
under the circumstance that Sr2P2O7:Eu2+ as side phase was formed.
RT-Sr3P4O13:Eu2+/3+ was obtained after a shorter period of reductive annealing
showing a pink fluorescence under excitation with UV light at 254 nm (Figure 6.40).
The fluorescence spectrum (Figure 6.41) confirms besides the intense and broad f–d
transition of Eu2+ (λEm = 417 nm) the presence of Eu3+ in terms of the typical red
line emissions at 594 nm (5D0→7F1), 612 nm (5D0→7F2), 652 nm (5D0→7F3), 699 nm
(5D0→7F4) and 754 nm (5D0→7F5) [53].
Figure 6.40: Pink fluorescence of RT-Sr3P4O13:Eu
2+/3+ at 254 nm.
Figure 6.41: Excitation (black) and emission (cyan) spectrum of RT-
Sr3P4O13:Eu
2+/3+.
6.2.7 Discussion of the Structural Properties
The single-crystal structure of RT-Sr3P4O13 was solved in the triclinic space group
P 1¯, which is in accordance with Okonek [210]. The single-crystal structure of RT-
Sr3P4O13 was also investigated by Zhang et al. (2004) [106], who solved it also
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in the triclinic space group P 1¯ but with the lattice parameters a= 7.2755(1) A˚,
b= 7.7260(1) A˚, c= 10.1935(2) A˚, α= 102.28(0)°, β= 103.46(0)° and γ= 94.35(0)°.
This unit cell is twice as large in size. By considering weak superstructure reflections,
which occurred during the single-crystal structure analysis, the structure could be
solved with the larger unit cell parameters too [210], which was confirmed in this
work. The presence of superstructure reflections indicate a phase transition by
symmetry reduction, which was assumed to occur at lower temperatures.
The structure solution at RT reveals a disorder of the Obr2, Oterm4 and Oterm5 po-
sitions. Two individuals with different orientations of the central bridging oxygen
atom Obr2 are present in a ratio of 1:1.
By slowly cooling the crystal to 100 K with a cooling rate of 20 °C/h the phase tran-
sition could be observed by a proper arrangement of the bridging oxygen atom Obr2,
Oterm4 and Oterm5, and the larger unit cell was found exclusively. The comparison
of the different structure solutions is given in Table 6.30.
Table 6.30: Single-crystal refinement parameters of RT-Sr3P4O13, LT-
Sr3P4O13 and Sr3P4O13 (Zhang et al.) [106]; standard deviations in brackets
Sum formula RT-Sr3P4O13 LT-Sr3P4O13 Sr3P4O13 [106]
Temperature / K 297(2) 100(2) 293(2)
Crystal system triclinic triclinic triclinic
Space group P 1¯ (no. 2) P 1¯ (no. 2) P 1¯ (no. 2)
a / A˚ 5.5244(2) 7.2636(3) 7.2755(1)
b / A˚ 6.9126(2) 7.7033(3) 7.7260(1)
c / A˚ 7.7199(2) 10.1576(4) 10.1935(2)
α / ° 83.316(1) 102.207(1) 102.28(0)
β / ° 75.788(1) 103.511(1) 103.46(0)
γ / ° 70.553(1) 94.448(1) 94.35(0)
Volume / A˚3 269.29(1) 535.29(4) 537.75(16)
Z 1 2 2
Calculated density Dx / g⋅cm−3 3.667 3.697 3.659
Rint 0.0340 0.0339 0.0410
R1 (all data) 0.0155 0.0176 0.0668
wR2 (all data) 0.0449 0.0415 0.1304
GooF 1.073 1.091 1.046
Residual electron density -0.42/0.70 -1.35/0.73 -0.93/1.13
(min./max.) / e−⋅A˚−3
Deviations of the lattice parameters between LT-Sr3P4O13 and Sr3P4O13 by Zhang
et al. [106] are negligible due to different measuring temperatures.
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Apparently, cRT corresponds to the value of the bLT axis. The calculation of the cell
transformation matrix confirms the relation and gives the following transformation
vectors:
a′ = a–b
b′ = −c
c′ = a+b
Arranging the smaller unit cell along the c axis and the larger unit cell along the b
axis, the relationship between both structures becomes obvious (Figure 6.42).
Figure 6.42: Unit cell transformation from RT-Sr3P4O13 (left) to LT-Sr3P4O13
(right).
The group-subgroup relationship between both structure solutions can be visualised
by the Ba¨rnighausen formalism [222] (Figure 6.43). The symmetry reduction by
doubling the unit cell volume results in an isomorphic transition with the index
2. Due to the relationship between cRT and bLT, and for reasons of clarity the b
and c unit cell axes and the y and z coordinates of the atoms in LT-Sr3P4O13 were
reversed.
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Figure 6.43: Ba¨rnighausen formalism [222] showing the group-subgroup rela-
tion of the isomorphic transition i2 between RT-Sr3P4O13 and LT-Sr3P4O13.
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The application of the transformation to the disordered terminal oxygen atoms
Oterm4A, Oterm4B, Oterm5A and Oterm5B confirmed that neither individual A nor
B is preferred by the phase transition.
By only slightly increasing the cooling rate to 25 °C/h LT-Sr3P4O13 did no longer
show a proper arrangement of the disordered atoms sites. Nevertheless, a strong
tendency pointing towards a phase transition could be already observed. The con-
tour plot [223] of the electron density of the structure solution in the smaller unit
cell at 100 K exhibits a clear separation of the electron density between the P atoms,
which comes close to a stationary disorder (Figure 6.44 right). In contrast, at RT the
contour plot indicates no resolution of the electron density of the bridging oxygen
atoms, which rather presents a dynamic disorder.
Figure 6.44: Contour plot of the electron density between the central phos-
phorous atoms of RT-Sr3P4O13 (left) and LT-Sr3P4O13 (right) in P 1¯ in the
smaller unit cell; contour lines distances are 0.3 e− (left) and 0.6 e− (right),
respectively.
Table 6.31: Selected P–O distances / A˚ and angles / ° of RT-Sr3P4O13 and LT-
Sr3P4O13
P–O bonds RT-Sr3P4O13 LT-Sr3P4O13
P–Obr 1.54–1.64 1.58–1.64
P–Oterm 1.47–1.53 1.49–1.53
P–Obr–P 129–149 128–147
Oterm–P–Oterm 111–117 111–117
Oterm–P–Obr 102–114 103–116
Obr–P–Obr 100–106 103–104
The change of the bond lengths and angles in the [P4O13]6− tetraphosphate anion
between room temperature and 100 K is insignificantly small (Table 6.31). Both
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structures exhibit longer P–Obr bond lengths compared to P–Oterm, due to the de-
creasing effective negative charge on the bridging oxygen atom, which leads to weaker
electrostatic interactions between P and Obr.
At RT two individuals with different orientations are present. This is also indicated
by their ratio of 1:1 in the space group P1. Consequently, the two individuals are
not generated by inversion symmetry. By slowly cooling to 100 K both individuals
are considered equally with the exception of Obr2 by forming the tetraphosphate
chain present in the larger unit cell. Additionally, considering the contour plot at
RT (Figure 6.44), the electron density of the bridging oxygen atoms Obr2 can not
be resolved. Thus, the decision for the structure solution at RT seems to deliver the
more appropriate description.
6.2.8 Discussion of the Optical Properties
According to our investigations RT-Sr3P4O13 reveals two crystallographically differ-
ent strontium sites, whereas Sr2 occupies an inversion centre. The structure could
be solved in a unit cell half of the size compared to the structure solution of Zhang
et al. (2004) [106], which exhibits three different strontium sites.
At RT the coordination sphere of the strontium atoms is distorted double capped
trigonal prismatic (Sr1) and distorted fourfold octahedral (Sr2) by eight and ten
terminal oxygen atoms. At 100 K the strontium atoms are coordinated distorted
double capped trigonal prismatic by eight terminal oxygen atoms (Sr1 and Sr3)
and distorted triple capped trigonal prismatic by nine terminal oxygen atoms (Sr2)
(Figure 6.45).
Figure 6.45: Extended coordination spheres (dotted lines included) of the Sr2+
ions in RT-Sr3P4O13 (left) and LT-Sr3P4O13 (right). The displacement ellip-
soids are drawn on a probability level of 50 % (left) and 95 % (right), respec-
tively.
Although the extended coordination sphere of the strontium atoms changes only
slightly, their inner coordination sphere changes strongly. Besides the increase of
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strontium sites from two to three the special position of Sr2 gets lost. The general
trend shows a slight decrease of the Sr–O distances with the exception of Sr2–O in
the inner coordination sphere (Table 6.32).
Table 6.32: Sr–O distances / A˚ of the extended and inner coordination sphere
in RT-Sr3P4O13 and LT-Sr3P4O13; coordination numbers (CN) in brackets
extended coordination sphere RT-Sr3P4O13 (CN) LT-Sr3P4O13 (CN)
Sr1–O 2.52–3.12 (8) 2.51–3.01 (8)
Sr2–O 2.52–3.24 (10) 2.50–3.20 (9)
Sr3–O 2.48–3.23 (8)
inner coordination sphere RT-Sr3P4O13 (CN) LT-Sr3P4O13 (CN)
Sr1–O 2.52–2.71 (7) 2.51–2.59 (7)
Sr2–O 2.52–2.59 (6) 2.50–2.76 (7)
Sr3–O 2.48–2.76 (7)
The fluorescence spectrum of RT-Sr3P4O13:Eu3+ indicates the occupation of the
symmetric Sr2 site by Eu3+ due to the dominant 5D0→7F1 transition. Excitation
of Sr3P4O13:Eu2+/Sr2P2O7:Eu2+ at 316 nm as well as at 345 nm revealed the broad
parity and spin allowed 4f 66d1–4f 7 transition peaking at 404 nm with a shoulder
towards 425 nm, which was also observed by Zhang (2013) [110].
Figure 6.46: Thermogravimetric analysis of β-Sr(PO3)2 in synthetic air
(black) and forming gas (red) between 50 and 925 °C with a heating rate
of 20 °C⋅min−1.
Regarding the X-ray powder diffraction patterns of Sr3−xEuxP4O13:Eu2+ [110] reflec-
tions belonging to Sr2P2O7 can also be observed. Following our synthesis route start-
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ing from β-Sr(PO3)2, Sr3P4O13:Eu2+ also could only be obtained with Sr2P2O7:Eu2+
as side phase. Presumably the reducing conditions favour the evaporation of P2O5,
which is indicated by a qualitative thermogravimetric measurement between 50 and
925 °C (Figure 6.46). A considerable mass loss occurs during the heating process of
β-Sr(PO3)2 in forming gas starting at about 600 °C, while in synthetic air virtually
no mass loss occurs. Taking account of the results of Kreidler and Hummel this
process is due to the evaporation of P2O5 [209].
Natarajan et al. examined the fluorescence spectrum of Sr2P2O7:Eu2+, which shows
one broad emission band at 422 nm [220]. Thus the shoulder in the fluorescence
emission spectrum of Sr3P4O13:Eu2+ of Zhang et al. (2013) and in Figure 6.39 is
very likely due to the presence of the side phase Sr2P2O7:Eu2+.
Zhang et al. (2013) investigated the optical properties of LT-Sr3P4O13:Eu2+ between
20 and 297 K as well. At 20 K a considerable splitting of the emission band peaking
at 400 and 430 nm becomes visible due to the presence of two different europium
sites. The assumption is correct, but the splitting presumably results from the
coexistence of Sr3P4O13:Eu2+ and Sr2P2O7:Eu2+, which have different coordination
distances and thus a differing ligand field splitting.
A splitting of the emission band in phase pure LT-Sr3P4O13:Eu2+ is doubtful. Al-
though the number of strontium atoms increases from two to three, the environment
barely changes. By symmetry reduction the surrounding of Sr1 in RT-Sr3P4O13 is
transformed to Sr1 and Sr3 in LT-Sr3P4O13, whereas the coordination numbers do
not change. The inversion symmetric site of Sr2 in RT-Sr3P4O13 disappears in LT-
Sr3P4O13. The inner coordination sphere of Sr2 increases from six to seven, which is
equal to Sr1 and Sr3. A proof is only possible if the compound is synthesised phase
pure and fluorescence spectroscopy is carried out.

7 Borophosphates
7.1 Diammonium Manganese(II) Borophosphate
Chloride (NH4)2Mn(II)[B2P3O11(OH)2]Cl
In borophosphate chemistry the FBU represents the essential structural motif, which
comprises a certain B:P ratio and furthermore an O:OH ratio (if protonated boro-
phosphates are present). Quite a number of compounds with a B:P ratio of 2:3 is
well known [124, 144, 224–227]. Depending on the O:OH ratio and the FBU, the
polymeric borophosphate anions form chains or layers. Ewald et al. observed that
protonated borophosphates with a B:P ratio of 2:3 and an O:OH ratio of 12:1 reveal
either layer or chain structures featuring either oB dreier-single rings or olB dreier-
single rings, respectively [13]. Reducing the O:OH ratio to 11:2 leads exclusively
to the formation of chain borophosphates featuring both mentioned FBUs [13, 144,
226]. Up to now no layered structures with an olB vierer-single ring have been
observed. (NH4)2Mn(II)[B2P3O11(OH)2]Cl is the first representative possessing a
layered structure associated with an O:OH ratio of 11:2, which exhibits an oB vierer-
single ring as novel FBU. The results of this chapter are published in a science journal
[122].
7.1.1 Synthesis
(NH4)2Mn(II)[B2P3O11(OH)2]Cl was synthesised under hydrothermal conditions.
A mixture of 251.5 mg (2.014 mmol) MnCl2, 528.4 mg (4.002 mmol) (NH4)2HPO4,
123.7 mg (2.053 mmol) H3BO3 and 0.4 mL H3PO4 (85 %) was transferred into a
10 mL Teflon autoclave and was kept at 180 °C. After eight days a slightly pink
suspension was obtained. The product was washed with hot water, filtered off and
dried in air overnight. (NH4)2Mn(II)[B2P3O11(OH)2]Cl was obtained as an almost
colourless crystalline powder.
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7.1.2 X-Ray Powder Diffraction
The phase purity of the sample was checked by X-ray powder diffraction. Via a Riet-
veld analysis (Figure 7.1) the structure model of (NH4)2Mn(II)[B2P3O11(OH)2]Cl
was refined to very good residuals of Rp = 0.009, Rwp = 0.013 and χ2 = 1.46.
Figure 7.1: X-ray powder diffraction pattern and result of the Rietveld re-
finement based on the structure model of (NH4)2Mn(II)[B2P3O11(OH)2]Cl
obtained from single-crystal data.
The composition of a selected crystal of (NH4)2Mn(II)[B2P3O11(OH)2]Cl was checked
via EDX spectroscopy. Within the accuracy of the measurement’s limit no other ele-
ments were found.
7.1.3 Crystal Structure Determination
A colourless single-crystal of (NH4)2Mn(II)[B2P3O11(OH)2]Cl with a size of 0.044× 0.034 × 0.026 mm3 was isolated and mounted on a MicroMount. The collec-
tion of the crystal data was run on a Bruker D8 Venture single-crystal diffrac-
tometer using Mo radiation. A multi-scan absorption correction was subsequently
performed. (NH4)2Mn(II)[B2P3O11(OH)2]Cl crystallises in a new structure type
in the monoclinic space group P21/n with the lattice parameters a= 9.0524(3) A˚,
b= 8.4729(3) A˚, c= 16.5232(5) A˚ and β= 92.303(1) °.
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33345 reflections were collected. Out of 2227 independent reflections 2032 were ob-
served (F2o > 2σ (F
2
o), Rint = 0.0329). The crystallographic data, the parameters of
the measurement and refinement are summarised in Table 7.1. The structure was
solved by direct methods and refined by full matrix least-squares technique using
the programs SHELXS-97 and SHELXTL-97 [21, 22]. The anisotropic refinement
revealed R-values of R1 = 0.0257 and wR2 = 0.0632. The Mn, B, P, O and Cl atoms
could be clearly located and the N atoms were subsequently assigned from the differ-
ence Fourier map. Hydrogen atoms were added geometrically and were confirmed
by MAPLE calculations [32, 33, 152]. The refined atomic coordinates, anisotropic
displacement parameters, selected interatomic distances and angles and hydrogen
bonds are summarised in Tables 7.2 to 7.5.
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Table 7.1: Single-crystal refinement parameters of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; standard deviations in brackets
Sum formula (NH4)2Mn(II)[B2P3O11(OH)2]Cl
Temperature / K 297(2)
Molar weight / g⋅mol−1 450.87
Crystal system monoclinic
Space group P21/n (no. 14)
Crystal shape irregular
Crystal size / mm3 0.044 × 0.034 × 0.026
Colour colourless
a / A˚ 9.0524(3)
b / A˚ 8.4729(3)
c / A˚ 16.5232(5)
β / ° 92.303(1)
Volume / A˚3 1266.31(7)
Z 4
Calculated density Dx / g⋅cm−3 2.366
Absorption coefficient µ / mm−1 1.709
F(000) 900
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Transmission factor (min./max.) 0.6995 / 0.7458
Index range h|k|l (min./max.) -10/9 | -10/10 | -19/19
Theta range / ° 2.47 ≤ θ ≤ 25.00
Reflections collected 33345
Independent reflections 2227
Observed reflections 2032 (F2o > 2σ (F
2
o))
Rint 0.0329
Refined parameters 230
Rσ 0.0122
R1 (all data) 0.0257
wR2 (all data) 0.0632
Weighting scheme w−1=σ2 F2o + (0.0358 P)2 + 1.4709 P;
P = (F2o + 2 F
2
c)/3
GooF 1.093
Residual electron density -0.39/0.38
(min./max.) / e−⋅A˚−3
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Table 7.2: Refined atomic coordinates, Wyckoff symbols and isotropic dis-
placement parameters Ueq / A˚
2 in (NH4)2Mn(II)[B2P3O11(OH)2]Cl; standard
deviations in brackets
Atom
Wyckoff
symbol
x y z Ueq
Mn1 4e 0.59947(4) 0.32262(4) 0.12898(2) 0.01131(12)
P1 4e 0.29995(6) 0.42565(7) 0.01813(3) 0.00913(15)
P2 4e 0.83510(6) 0.04259(7) 0.06081(3) 0.01033(15)
P3 4e 0.27024(6) 0.23252(7) 0.20832(3) 0.00903(15)
B1 4e 0.33471(27) 0.54262(29) 0.17167(14) 0.01004(49)
B2 4e 0.11641(27) 0.17615(30) 0.06227(15) 0.01146(51)
Obr1 4e 0.21768(17) 0.19093(18) 0.29369(9) 0.01171(33)
Obr2 4e 0.30029(17) 0.55874(18) 0.08407(9) 0.01298(34)
Obr3 4e 0.15299(16) 0.33059(18) 0.03034(9) 0.01301(34)
Obr4 4e 0.81065(18) −0.04636(20) −0.02001(10) 0.01898(37)
Obr5 4e 0.95485(17) 0.16714(19) 0.05047(10) 0.01709(36)
Obr6 4e 0.15748(18) 0.15510(19) 0.14815(9) 0.01694(36)
Obr7 4e 0.24530(16) 0.41299(18) 0.20464(9) 0.01178(33)
Oterm1 4e 0.43177(17) 0.31916(19) 0.03094(9) 0.01482(35)
Oterm2 4e 0.28263(17) 0.50380(19) −0.06326(8) 0.01442(34)
Oterm3 4e 0.69026(17) 0.11351(19) 0.08056(10) 0.01616(35)
Oterm4 4e 0.42660(17) 0.18466(19) 0.19614(9) 0.01609(36)
OH1 4e 0.48995(17) 0.51826(20) 0.18746(10) 0.01638(36)
OH2 4e 0.89443(19) −0.07823(21) 0.12516(10) 0.02272(40)
Cl1 4e 0.79760(7) 0.30866(8) 0.24497(4) 0.02499(17)
N1 4e 0.02421(24) 0.42006(28) −0.14034(13) 0.02330(48)
N2 4e 0.45673(25) −0.11800(28) 0.09563(13) 0.02375(48)
H1 4e 0.548(3) 0.585(3) 0.224(2) 0.050
H2 4e 0.834(3) −0.103(4) 0.171(1) 0.050
H3 4e −0.045(3) 0.501(3) −0.126(2) 0.050
H4 4e −0.007(4) 0.322(2) −0.117(2) 0.050
H5 4e 0.120(2) 0.448(4) −0.117(2) 0.050
H6 4e 0.016(4) 0.396(4) −0.197(1) 0.050
H7 4e 0.366(2) −0.069(4) 0.076(2) 0.050
H8 4e 0.527(3) −0.033(3) 0.102(2) 0.050
H9 4e 0.499(4) −0.193(3) 0.058(2) 0.050
H10 4e 0.446(4) −0.165(4) 0.1480(11) 0.050
Obr = bridging oxygen atom; Oterm = terminal oxygen atom; OH = hydroxyl group
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Table 7.3: Anisotropic displacement parameters Uij / A˚
2 in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; standard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
Mn1 0.0108(2) 0.0113(2) 0.0119(2) −0.0006(2) 0.0017(1) 0.0009(1)
P1 0.0094(3) 0.0104(3) 0.0076(3) −0.0006(2) 0.0008(2) −0.0021(2)
P2 0.0085(3) 0.0094(3) 0.0132(3) −0.0017(2) 0.0022(2) −0.0006(2)
P3 0.0112(3) 0.0077(3) 0.0083(3) 0.0006(2) 0.0012(2) −0.0004(2)
B1 0.0125(12) 0.0096(13) 0.0083(11) −0.0009(9) 0.0025(9) 0.0006(1)
B2 0.0108(12) 0.0115(13) 0.0120(12) −0.0027(9) −0.0008(9) −0.0024(10)
Obr1 0.0180(8) 0.0080(8) 0.0093(7) 0.0008(6) 0.0025(6) −0.0001(6)
Obr2 0.0188(8) 0.0112(8) 0.0090(7) −0.0011(6) 0.0012(6) −0.0014(6)
Obr3 0.0113(8) 0.0120(9) 0.0157(8) 0.0022(6) 0.0003(6) −0.0029(6)
Obr4 0.0195(9) 0.0180(9) 0.0193(8) −0.0076(7) −0.0020(7) 0.0056(7)
Obr5 0.0091(8) 0.0142(9) 0.0278(9) 0.0030(7) −0.0017(6) −0.0026(6)
Obr6 0.0242(9) 0.0151(9) 0.0113(8) 0.0005(6) −0.0024(6) −0.0080(7)
Obr7 0.0128(8) 0.0081(8) 0.0147(7) 0.0020(6) 0.0030(6) 0.0003(6)
Oterm1 0.0122(8) 0.0161(9) 0.0160(8) −0.0032(6) −0.0016(6) 0.0013(6)
Oterm2 0.0152(8) 0.0186(9) 0.0093(7) 0.0025(6) −0.0005(6) −0.0049(7)
Oterm3 0.0112(8) 0.0142(9) 0.0234(8) −0.0054(7) 0.0053(6) −0.0005(7)
Oterm4 0.0140(8) 0.0139(9) 0.0207(8) 0.0029(6) 0.0047(7) 0.0027(7)
OH1 0.0121(8) 0.0168(9) 0.0201(8) −0.0066(7) −0.0009(6) −0.0014(7)
OH2 0.0221(9) 0.0235(10) 0.0228(9) 0.0094(7) 0.0045(7) 0.0042(8)
Cl1 0.0238(3) 0.0320(4) 0.0190(3) −0.0022(3) −0.0019(2) 0.0054(3)
N1 0.0168(11) 0.0259(13) 0.0266(11) −0.0025(10) −0.0071(9) 0.0000(9)
N2 0.0267(12) 0.0222(13) 0.0225(11) −0.0017(9) 0.0022(9) −0.0072(10)
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Table 7.4: Selected interatomic distances / A˚ and angles / ° in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; standard deviations in brackets
B–Obr 1.454(3)–1.481(3)
B–OH 1.434(3)
P–Obr 1.527(2)–1.575(2)
P–Oterm 1.490(2)–1.504(2)
P–OH 1.556(2)
Mn–O 2.123(2)–2.277(2)
Mn–Cl 2.575(1)
B–Obr–P 127.6(1)–136.7(2)
O–P–O 102.2(1)–116.4(1)
O–B–O 103.8(2)–112.8(2)
Table 7.5: Distances / A˚ and angles / ° of the hydrogen bonds in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; D : Donor, A: Acceptor
D–H A d(D–H ) d(H–A) (DHA) d(D–A)
OH1–H1 Cl1 0.96 2.40 154 3.29
OH2–H2 Cl1 0.97 2.02 170 2.97
N1–H3 Obr7 0.96 2.31 126 2.98
N1–H3 Obr3 0.96 2.37 152 3.25
N1–H3 Obr2 0.96 2.49 123 3.12
N1–H4 OH2 0.96 2.31 128 3.00
N1–H5 Oterm2 0.97 1.75 173 2.71
N1–H5 Obr3 0.97 2.63 110 3.10
N1–H6 Oterm4 0.97 2.02 159 2.95
N2–H7 Obr4 0.97 2.06 172 3.02
N2–H7 Oterm3 0.97 2.64 114 3.15
N2–H8 Oterm3 0.96 1.98 160 2.90
N2–H8 Oterm4 0.96 2.59 111 3.07
N2–H9 Oterm1 0.97 1.95 170 2.91
N2–H10 Obr1 0.96 2.17 137 2.95
N2–H10 Cl1 0.96 2.87 119 3.44
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7.1.4 Crystal Structure Description
(NH4)2Mn(II)[B2P3O11(OH)2]Cl crystallises in a new structure type in the mono-
clinic space group P21/n with four formula units per unit cell. All atoms are located
on the general Wyckoff position 4e. The anionic partial structure consists of infinite
layers of corner-sharing borate, hydroxo-borate, phosphate and hydroxo-phosphate
tetrahedra avoiding any P–O–P connection (Figure 7.2).
Figure 7.2: LB vierer-single layered anionic partial structure of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; FBU highlighted; phosphate tetrahe-
dra blue, borate tetrahedra turquoise, hydrogen white.
The polyanion is constructed by cyclic pentameric 2∞[B2P3Φ13] (Φ = O, OH) units
comprising a B:P ratio of 2:3. The lB vierer-single layer contains an oB vierer-single
ring as a novel FBU (Figure 7.3) formed by two BΦ4 and three PΦ4 (Φ = O, OH)
tetrahedra, illustrated with the descriptor 5◻:<4◻>◻ [13, 82, 83, 113].
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Figure 7.3: Novel FBU as an oB vierer-single ring 5◻:<4◻>◻ of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; phosphate tetrahedra blue, borate tetrahe-
dra turquoise, hydrogen white.
Up to now protonated borophosphates with a B:P ratio of 2:3 are divided into anionic
partial structures with oB dreier-single rings and olB dreier-single rings (Figure 7.4).
Figure 7.4: FBUs exhibiting an oB dreier-single ring (left) and an olB dreier-
single ring (right); phosphate tetrahedra blue, borate tetrahedra turquoise,
oxygen red.
Whereas chain borophosphates can be either formed by olB or oB dreier-single rings
with an O:OH ratio of 11:2 or 12:1, layer borophosphates are exclusively formed with
oB dreier-single rings and reveal an O:OH ratio of 12:1 [13]. So far borophosphate
compounds with an O:OH ratio of 11:2 never showed a layered structure, but with
(NH4)2Mn(II)[B2P3O11(OH)2]Cl this structural feature was observed for the first
time. Moreover, in borophosphate chemistry no such FBU as the oB vierer-single
ring 2∞[B2P3Φ13] (Φ = O, OH) is known so far.
Both B and P atoms are coordinated tetrahedrally by either oxygen atoms or hy-
droxyl groups. B–O bond lengths in the borate tetrahedra range between 1.43 and
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1.48 A˚ whereas P–O bond lengths in the phosphate tetrahedra lie between 1.49 and
1.57 A˚. The bond lengths B–OH and P–OH are 1.43 and 1.56 A˚, respectively. B–Obr
distances range between 1.46 and 1.48 A˚ whereas P–Obr distances range between
1.53 and 1.58 A˚ and P–Oterm distances lie between 1.49 and 1.50 A˚. These values
correspond to typical data found for other borophosphates [144, 224, 225, 228].
B–Obr–P angles range between 128 and 137 °, whereas O–B–O and O–P–O angles
range between 104–114° (Ø = 110°) and 102–116° (Ø = 109°). Selected bond lengths
and angles of (NH4)2Mn(II)[B2P3O11(OH)2]Cl are listed in Table 7.4.
For the calculation of deviation of tetrahedra from ideal symmetry the method in-
troduced by Balic´-Zˇunic´ and Makovicky was adopted [35, 36]. The five crystallogra-
phically different borate, hydroxo-borate, phosphate and hydroxo-phosphate tetra-
hedra feature the values −0.22 % (B1), −0.60 % (B2), −0.19 % (P1), −0.21 % (P2)
and −0.46 % (P3), which are similar to tetrahedra in other compounds [97, 98, 129,
187, 189–191]. Exhibiting a deviation of < 1 %, tetrahedra are classified as regular.
The parallel borophosphate layers are interconnected via common oxygen corners of
MnO5Cl octahedra as demonstrated in Figure 7.5.
Figure 7.5: Layered crystal structure viewed along [010] intercon-
nected via common oxygen corners of MnO5Cl octahedra (yellow) of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; phosphate tetrahedra blue, borate tetrahe-
dra turquoise, nitrogen violet, hydrogen white.
The single-crystal structure analysis reveals a unique site of the Mn2+ ion which is
coordinated distorted octahedrally by one chlorine and five oxygen atoms (Figure
7.6). The coordinating oxygen atoms originate from a hydroxyl group of a borate
and terminal oxygen atoms of four phosphate tetrahedra belonging to two adja-
7 Borophosphates 141
cent borophosphate layers. The Mn–O bond lengths range between 2.12–2.28 A˚, the
Mn–Cl distance amounts to 2.57 A˚ (Table 7.4). These values are in excellent agree-
ment with the sum of the ionic radii of high-spin Mn2+ and the coordinating atoms,
e.g. 2.15 (OH−), 2.18 (O2−) and 2.64 A˚ (Cl) [60], respectively.
Figure 7.6: Coordination sphere of manganese in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl. The displacement ellipsoids are drawn on a
probability level of 65 %.
Along [100] and [111] oval shaped channels (approx. 7.00 Ö 4.40 A˚2) are formed, in
which the NH+4 ions are situated (Figure 7.7).
According to Steiner [150] the hydrogen bonds between 1.75–2.17 A˚ can be consid-
ered as moderately strong, whereas others larger than 2.20 A˚ are assigned as weak
existing between NH+4 ions and terminal and bridging oxygen atoms (Table 7.5).
Further hydrogen bonds can also be observed between the chlorine atom and the
protonated borate (weak) and phosphate tetrahedra (moderately strong) as well as
the NH+4 ions (weak) (Figure 7.8).
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Figure 7.7: Oval shaped channels in [100] and [111] in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl. Yellow octahedra centred by man-
ganese, blue and turquoise tetrahedra centred by phosphorus and boron,
respectively.
Figure 7.8: Moderately strong hydrogen bonds in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl. Weak hydrogen bonds are omitted
for clarity; phosphorus blue, boron turquoise, chlorine green, oxygen red,
nitrogen violet, hydrogen white.
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7.1.5 Electrostatic Calculations
The coordination number of manganese (Table 12.7) and the electrostatic consis-
tency of the structure model were proved by calculations by calculations based on
the MAPLE concept [32, 33, 152]. According to the calculations, the structure
model of (NH4)2Mn(II)[B2P3O11(OH)2]Cl thus shows electrostatic consistency, as
presented in Table 7.6.
Table 7.6: MAPLE calculations for (NH4)2Mn(II)[B2P3O11(OH)2]Cl [32, 33,
152]
(NH4)2Mn(II)[B2P3O11(OH)2]Cl MnO [229] + B2O3 [154] + NH4Cl [230]
+ NH4H2PO4 [231] + P2O5 [193]
MAPLE = 124335 kJ⋅mol−1 MAPLE = 125167 kJ⋅mol−1
(∆ = 0.7 %)
7.1.6 Spectroscopic Properties
7.1.6.1 IR Spectroscopy
The infrared spectrum of (NH4)2Mn(II)[B2P3O11(OH)2]Cl was recorded between
4000 and 400 cm−1 and is shown in Figure 7.9. The positions of the bands and the
corresponding assignments are given in Table 7.7.
Figure 7.9: Infrared spectrum of (NH4)2Mn(II)[B2P3O11(OH)2]Cl.
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Table 7.7: Position / cm−1 and assignment of the IR bands in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl
Position Assignment
3490 ν(OH), δ(OH) [120, 121, 226, 228, 232]
3338 ν(OH), δ(OH) [120, 121, 226, 228, 232]
3370–2600 ν(NH) [120, 233, 234]
1666 ν(OH), δ(OH) [120, 121, 226, 228, 232]
1423 ν(NH) [120, 233, 234]
1163 ν(BO4) [235, 236]
1100–400 ν(PO4) [235, 236]
908, 887, 870 ν(BO4) [235, 236]
830 νas(BOP) [235, 236]
704 νs(BOP) [235, 236]
606 δ(BOP) [235, 236]
557 δ(OPO) [236]
511 ν(BO4) [235, 236]
The bands at 3490, 3338 and 1666 cm−1 can be assigned to the stretching and de-
formation vibrations of the OH groups [120, 121, 226, 228, 232], while vibrations
between 3365–2617 cm−1 and at 1423 cm−1 can be assigned to N–H stretching vi-
brations [120, 233, 234]. BO4 vibrations can be found at 1163, 908, 887, 870 and
511 cm−1, whereas typical PO4 vibrations range in the region between 1094 and
417 cm−1, respectively. Characteristic bands of symmetric or asymmetric B–O–P
stretching and bending vibrations are found at 830 (νas), 704 (νs), 606 (δ) and for
δ(O–P–O) at 557 cm−1 [235, 236].
7.1.6.2 UV-Vis Spectroscopy
All excitations in a high-spin d5 Mn2+ ion (see also Chapter 7.1.7) in an octahedral
environment are spin and parity forbidden. Since the coordination environment
of Mn2+ is slightly distorted those selection rules do not apply that strongly and
two weak absorption bands can be observed. The UV–Vis reflection spectrum of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl was recorded at room temperature between 200–
800 nm (Figure 7.10) and shows two weak absorption bands at 360 (6S→4T2) and
405 nm (6S→4E) [128, 237].
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Figure 7.10: UV–Vis spectrum of (NH4)2Mn(II)[B2P3O11(OH)2]Cl.
7.1.7 Magnetic Properties
Since the crystal structure determination based on single-crystal data revealed the
presence of several protons the valence state of manganese could only be postulated
and in a first approach be confirmed by UV-Vis spectroscopy (Chapter 7.1.6.2). A
reliable proof of the valence and spin state of manganese should be delivered by
a magnetic susceptibility measurement of (NH4)2Mn(II)[B2P3O11(OH)2]Cl recorded
in a field of 1000 Oe over the temperature range of 1.8 K<T< 400 K is shown in
Figure 7.11.
Figure 7.11: Temperature dependence of the magnetic susceptibility χ of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl.
The molar susceptibility obeys Curie’s law (χm = C/T) very well in the whole tem-
perature range with a Curie constant of C = 4.1897 emu⋅mol−1⋅K−1. The Curie con-
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stant corresponds to an effective magnetic moment per Mn2+ ion of µeff = 5.79µB,
which is close to the theoretical value of µeff = 5.92µB and fits very well in the range
of experimental effective magnetic moments of high-spin Mn2+ ions (5.65–6.10µB)
[80].
7.1.8 Thermal Analysis
The thermal behaviour of (NH4)2Mn(II)[B2P3O11(OH)2]Cl was investigated between
room temperature and 1400 °C (Figure 7.12) and shows a reasonable stability against
thermal treatment. The thermogravimetric curve shows a single step of mass loss
of 21.1 wt% in the temperature range between 340 and 640 °C. Assuming that along
with one mole of NH4Cl a further mole of NH3 and 1.5 moles of H2O evaporate (theor.
mass loss: 21.6 wt%) a composition of Mn(II)[B2P3O11(OH)] might be expected.
With further increasing temperature and maintaining the sample at 1400 °C further
mass loss of 2.6 wt% is observed. X-ray powder diffraction analysis revealed MnPO4
as crystalline product after the treatment at 1400 °C competing with an intense
background. The latter might be due to amorphous B2O3 and P2O5 which show a
strong tendency to become amorphous at higher temperatures.
Figure 7.12: Thermogravimetric analysis of (NH4)2Mn(II)[B2P3O11(OH)2]Cl.
Heating the compound up to 600 °C under nitrogen atmosphere a crystalline inter-
mediate was obtained. As main and side product Mn2P2O7 [238] and BPO4 [239]
were identified via X-ray powder diffraction analysis (Figure 7.13).
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Figure 7.13: X-ray powder diffraction pattern of BPO4 [239] and Mn2P2O7
[238] (red) after heating (NH4)2Mn(II)[B2P3O11(OH)2]Cl up to 600 °C under
N2 atmosphere and calculated powder diffraction patterns from single-crystal
data of BPO4 [239] (grey) and Mn2P2O7 [238] (brown).
Figure 7.14: Temperature-dependent X-ray powder diffraction patterns of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl recorded between 50 and 900 °C and calcu-
lated powder diffraction patterns from single-crystal data of BPO4 [239] (grey)
and Mn2P2O7 [238] (brown).
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Temperature-dependent X-ray powder diffraction (Figure 7.14) confirms that the
title compound is stable up to 360 °C. At higher temperatures the formation of
Mn2P2O7 and BPO4 is confirmed. It can be concluded that instead of forming
Mn(II)[B2P3O11(OH)] the borophosphate decomposes to form several low-molecular
decomposition products (Equation 7.1).
(NH4)2Mn[B2P3O11(OH)2]Cl ∆Ð→N2 NH4Cl +NH3 + 1.5H2O + 0.5 Mn2P2O7 + 2 BPO4
(7.1)
Further heating (T>600 °C) leads to the formation of MnPO4 and presumably amor-
phous portions of B2O3 and P2O5 due to an intense background (Figure 7.15). The
latter evaporate slowly, which leads to a further weight loss of 2.6 wt%.
Figure 7.15: X-ray powder diffraction pattern of MnPO4 (red) after the heating
process of the thermogravimetric analysis of (NH4)2Mn(II)[B2P3O11(OH)2]Cl
at 1400 °C under N2 atmosphere. The calculated diffraction angles of MnPO4
are marked with an asterix (*).
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7.1.9 Discussion
(NH4)2Mn(II)[B2P3O11(OH)2]Cl was obtained phase pure as a new representative
of the borophosphate family. The crystal structure was determined and refined
via a single-crystal structure analysis and Rietveld refinement, respectively. The
polyanion exhibits a cyclic pentameric 2∞[B2P3Φ13] (Φ = O, OH) unit with an O:OH
ratio of 11:2. The oB vierer-single ring is formed by two BΦ4 and three PΦ4 (Φ = O,
OH) tetrahedra. It represents a novel FBU embedded in a lB vierer-single layer.
Up to now borophosphates with a B:P ratio of 2:3 and an O:OH ratio of 11:2
always revealed a chain structure. Layered structures were accompanied by an
O:OH ratio of 12:1. In-between the parallel borophosphate layers NH+4 , Mn2+ and
Cl− ions are located. Due to the presence of several protons a number of moderately
strong and several weak hydrogen bonds could be determined, which contribute
to the stability of the title compound up to 340 °C as well as the two-dimensional
layered structure. Moreover, the electrostatic consistency of the structure model
could be proofed via MAPLE calculations. The spin and valence state of hs Mn2+
(d5) were determined by the magnetic susceptibility measurement. Transitions in
hs d5 ions are spin and parity forbidden, but in (NH4)2Mn(II)[B2P3O11(OH)2]Cl
Mn2+ is in a slightly octahedrally distorted coordination environment. Thus, the
selection rules do not apply that strongly, which explains the weak absorption in
the UV-Vis spectrum in the visible range. Additionally, the Mn–O distances of
the coordination sphere lie between 2.12–2.28 A˚(Ø = 2.18 A˚), which are to expect for
hs comlexes (d(Mn2+–O) ≈ 2.18 A˚[60]), and are larger than in low-spin compounds
(d(Mn2+–O) ≈ 2.02 A˚[60]). In an octahedral environment the presence of d electrons
in the eg orbitals leads to a repulsion of the ligands due to the orientation of the
dx2−y2 and dz2 along the coordination axes. Thus, the ionic radii of the metal expand
(rMn2+,hs = 0.83 A˚ > rMn2+,ls = 0.67 A˚[60]) [42].
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7.2 Diammonium Borophosphate
(NH4)2[B2P3O11(OH)]
Borophosphates with a B:P ratio of 2:3 comprise a large number of compounds. Up
to now all of them have in common at least one metal cation and a total number
of thirteen oxygen atoms, whereas most of them are single or double protonated
[13]. (NH4)2[B2P3O11(OH)] exhibits a closely related sum formula compared to its
sister compound (NH4)2Mn(II)[B2P3O11(OH)2]Cl (Chapter 7.1). Thus, it does not
surprise that both possess the same oB vierer-single ring as FBU, forming parallel
layers. (NH4)2[B2P3O11(OH)] reveals merely two ammonia ions as cations and thus
exhibits for charge compensation an O:OH ratio of 11:1 and in total only 12 oxygen
atoms. Besides Mn2+, one Cl− and one OH− are removed, respectively. So far
(NH4)2[B2P3O11(OH)] represents the first borophosphate with a B:P ratio of 2:3 and
an O:OH ratio of 11:1. The results of this chapter will be published in a scientific
journal [240].
7.2.1 Synthesis
(NH4)2[B2P3O11(OH)] was synthesised under hydrothermal conditions. A mixture
of 792.8 mg (6.004 mmol) (NH4)2HPO4, 247.7 mg (4.006 mmol) H3BO3 and 0.77 mL
H3PO4 (85 %) was transferred into a 10 mL Teflon autoclave and was kept at 180 °C.
After eight days a colourless solid was obtained. The product was washed several
times with warm water, filtered off and dried in air overnight. (NH4)2[B2P3O11(OH)]
was obtained as a colourless crystalline powder.
(NH4)2[B2P3O11(OH)] was doped with 5 % Eu3+ and Tb3+, respectively, by adding
the corresponding amount of Ln(NO3)3⋅5H2O (Ln= Eu, Tb). After the same reac-
tion conditions as above (NH4)2[B2P3O11(OH)]:Ln3+ (Ln= Eu, Tb) were obtained
as colourless powders.
7.2.2 X-Ray Powder Diffraction
The phase purity of all samples was checked by X-ray powder diffraction. A Rietveld
analysis (Figure 7.16) confirmed the formation of phase pure (NH4)2[B2P3O11(OH)].
The structure model was refined to very good residuals of Rp = 0.041, Rwp = 0.061
and χ2 = 1.90.
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Figure 7.16: X-ray powder diffraction pattern and result of the Rietveld refine-
ment based on the structure model of (NH4)2[B2P3O11(OH)] obtained from
single-crystal data.
7.2.3 Crystal Structure Determination
A colourless single-crystal of (NH4)2[B2P3O11(OH)] with a size of 0.018 × 0.026× 0.102 mm3 was isolated and mounted on a MicroMount. The collection of the
crystal data was run on a Bruker D8 Venture single-crystal diffractometer using
Mo radiation. A multi-scan absorption correction was subsequently performed.
(NH4)2[B2P3O11(OH)] crystallises in the orthorhombic space group P212121 with
the lattice parameters a= 4.509(3) A˚, b= 14.490(11) A˚ and c= 16.401(12) A˚.
14522 reflections were collected. Out of 1682 independent reflections 1322 were
observed (F2o > 2σ (F
2
o), Rint = 0.1309). The crystallographic data, the parameters
of the measurement and refinement are summarised in Table 7.8. The structure was
solved by direct methods and refined by full matrix least-squares technique using
the programs SHELXS-97 and SHELXTL-97 [21, 22]. The anisotropic refinement
revealed R-values of R1 = 0.0457 and wR2 = 0.0930. The B, P, O and N atoms could
be clearly located. Hydrogen atoms were added geometrically. The refined atomic
coordinates, anisotropic displacement parameters, selected interatomic distances and
angles and hydrogen bonds are summarised in Tables 7.9 to 7.12.
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Table 7.8: Single-crystal refinement parameters of (NH4)2[B2P3O11(OH)];
standard deviations in brackets
Sum formula (NH4)2[B2P3O11(OH)]
Temperature / K 298(2)
Molar weight / g⋅mol−1 343.62
Crystal system orthorhombic
Space group P212121 (no. 19)
Crystal shape needle
Crystal size / mm3 0.018 × 0.026 × 0.102
Colour colourless
a / A˚ 4.509(3)
b / A˚ 14.490(11)
c / A˚ 16.401(12)
Volume / A˚3 1071.7(14)
Z 4
Calculated density Dx / g⋅cm−3 2.130
Absorption coefficient µ / mm−1 0.626
F(000) 696
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Transmission factor (min./max.) 0.5617 / 0.7199
Index range h|k|l (min./max.) -5/5 | -16/16 | -18/18
Theta range / ° 2.48 ≤ θ ≤ 24.00
Reflections collected 14522
Independent reflections 1682
Observed reflections 1322 (F2o > 2σ (F
2
o))
Rint 0.1309
Refined parameters 200
Rσ 0.0728
R1 (all data) 0.0457
wR2 (all data) 0.0930
Flack parameter 0.05(17)
Weighting scheme w−1=σ2 F2o + (0.0461 P)2 + 0.2782 P;
P = (F2o + 2 F
2
c)/3
GooF 1.037
Residual electron density -0.47/0.38
(min./max.) / e−⋅A˚−3
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Table 7.9: Refined atomic coordinates, Wyckoff symbols and isotropic dis-
placement parameters Ueq / A˚
2 in (NH4)2[B2P3O11(OH)]; standard deviations
in brackets
Atom
Wyckoff
symbol
x y z Ueq
P1 4a 0.1083(3) 0.24777(11) 0.40040(8) 0.0139(4)
P2 4a −0.2579(3) 0.00008(10) 0.36214(9) 0.0160(4)
P3 4a 0.3125(3) −0.15455(10) 0.55036(10) 0.0145(4)
B1 4a 0.6029(13) 0.1549(5) 0.4523(4) 0.0153(16)
B2 4a −0.1912(14) −0.1566(4) 0.4517(4) 0.0149(15)
Obr1 4a −0.2204(7) 0.2184(2) 0.4028(2) 0.0145(9)
Obr2 4a 0.1562(8) 0.3303(2) 0.4597(2) 0.0164(9)
Obr3 4a 0.2911(7) 0.1659(2) 0.4322(2) 0.0153(9)
Obr4 4a −0.3112(8) 0.0587(2) 0.4397(2) 0.0174(9)
Obr5 4a −0.1026(8) −0.0892(2) 0.3911(2) 0.0153(9)
Obr6 4a 0.4889(8) −0.1466(3) 0.4702(2) 0.0139(9)
Obr7 4a 0.3633(7) −0.2529(2) 0.5851(2) 0.0144(9)
Obr8 4a −0.0191(8) −0.1456(3) 0.5283(2) 0.0152(9)
Oterm1 4a 0.1867(8) 0.2793(2) 0.3171(2) 0.0169(9)
Oterm2 4a −0.5309(8) −0.0200(3) 0.3144(2) 0.0240(11)
Oterm3 4a 0.3891(9) −0.0856(2) 0.6132(2) 0.0192(10)
OH1 4a −0.0358(8) 0.0478(3) 0.3051(2) 0.0193(10)
N1 4a 0.8881(12) 0.0214(4) 0.6411(4) 0.0263(13)
N2 4a −0.3136(13) 0.2778(4) 0.2137(4) 0.0353(15)
H1 4a 0.169(5) 0.026(4) 0.302(4) 0.050
H2 4a 0.717(9) −0.020(4) 0.634(4) 0.050
H3 4a 1.079(7) −0.008(4) 0.630(4) 0.050
H4 4a 0.908(15) 0.028(5) 0.7001(10) 0.050
H5 4a 0.879(15) 0.081(2) 0.613(3) 0.050
H6 4a −0.136(8) 0.277(5) 0.248(3) 0.050
H7 4a −0.473(10) 0.258(4) 0.251(3) 0.050
H8 4a −0.279(14) 0.233(3) 0.170(3) 0.050
H9 4a −0.304(15) 0.335(2) 0.182(3) 0.050
Obr = bridging oxygen atom; Oterm = terminal oxygen atom; OH = hydroxyl group
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Table 7.10: Anisotropic displacement parameters Uij / A˚
2 in
(NH4)2[B2P3O11(OH)]; standard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
P1 0.0128(8) 0.0098(8) 0.0190(9) −0.0004(8) −0.0002(6) −0.0025(7)
P2 0.0151(8) 0.0073(7) 0.0256(9) 0.0002(8) 0.0013(7) 0.0003(7)
P3 0.0126(8) 0.0064(8) 0.0243(10) −0.0004(7) −0.0011(8) −0.0002(7)
B1 0.013(4) 0.012(4) 0.020(4) 0.000(3) 0.010(3) 0.002(3)
B2 0.015(3) 0.011(3) 0.019(4) 0.003(3) −0.003(4) 0.001(3)
Obr1 0.016(2) 0.013(2) 0.014(2) 0.0015(16) 0.0001(18) 0.0003(17)
Obr2 0.022(2) 0.008(2) 0.020(2) −0.0026(17) 0.0031(19) −0.0045(18)
Obr3 0.011(2) 0.0061(19) 0.028(2) 0.0019(17) 0.0004(18) 0.0014(18)
Obr4 0.024(2) 0.0051(19) 0.023(2) −0.0033(17) 0.001(2) 0.0053(18)
Obr5 0.016(2) 0.005(2) 0.026(2) 0.0002(19) 0.005(2) 0.0020(16)
Obr6 0.0064(19) 0.013(2) 0.022(2) 0.001(2) 0.0024(19) 0.0005(18)
Obr7 0.0172(19) 0.0067(19) 0.019(2) 0.0000(19) 0.0008(16) 0.0003(19)
Obr8 0.014(2) 0.014(2) 0.017(2) −0.004(2) 0.0010(19) 0.0009(19)
Oterm1 0.018(2) 0.017(2) 0.016(2) 0.0006(17) 0.0035(18) −0.0022(17)
Oterm2 0.018(2) 0.021(3) 0.033(3) −0.002(2) −0.002(2) 0.0040(19)
Oterm3 0.021(2) 0.009(2) 0.027(2) −0.0090(19) −0.005(2) 0.0003(17)
OH1 0.016(2) 0.013(2) 0.028(3) 0.0049(19) 0.005(2) 0.0040(19)
N1 0.025(3) 0.016(3) 0.038(3) −0.001(3) 0.000(3) 0.000(3)
N2 0.023(3) 0.056(4) 0.028(4) 0.001(3) 0.004(3) −0.004(3)
Table 7.11: Selected interatomic distances / A˚ and angles / ° in
(NH4)2[B2P3O11(OH)]; standard deviations in brackets
B–Obr 1.450(7)–1.485(7)
P–Obr 1.535(4)–1.557(4)
P–Oterm 1.483(4)–1.487(4)
P–OH 1.534(4)
B–Obr–P 105.6(2)–135.3(3)
O–P–O 102.2(1)–115.1(2)
O–B–O 103.4(4)–112.2(4)
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Table 7.12: Distances / A˚ and angles / ° of the hydrogen bonds in
(NH4)2[B2P3O11(OH)]; D : Donor, A: Acceptor
D–H A d(D–H ) d(H–A) (DHA) d(D–A)
OH1-H1 Oterm2 0.980 1.521 166.77 2.485
N1-H2 Oterm3 0.982 1.794 173.17 2.771
N1-H3 Oterm3 0.981 1.812 168.06 2.778
N1-H4 Oterm2 0.977 1.960 165.32 2.915
N1-H4 OH1 0.977 2.647 122.82 3.281
N1-H5 Obr2 0.977 2.022 149.35 2.906
N1-H5 Oterm1 0.977 2.486 120.96 3.104
N2-H6 Oterm1 0.980 1.843 176.48 2.823
N2-H7 Oterm1 0.981 1.906 153.78 2.820
N2-H8 Obr7 0.980 2.348 118.89 2.949
N2-H9 Oterm2 0.976 2.231 140.40 3.048
N2-H9 Obr5 0.976 2.452 132.38 3.193
N2-H9 Obr6 0.976 2.650 124.71 3.305
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7.2.4 Crystal Structure Description
(NH4)2[B2P3O11(OH)] crystallises in a new structure type in the orthorhombic space
group P212121 with four formula units per unit cell. All atoms are located on the
general Wyckoff position 4a. The anionic partial structure of (NH4)2[B2P3O11(OH)]
consists of infinite layers of corner-sharing borate, phosphate and hydroxo-phosphate
tetrahedra (Figure 7.17).
Figure 7.17: LB zweier-single layered anionic partial structure of
(NH4)2[B2P3O11(OH)]; FBU highlighted; phosphate tetrahedra blue, borate
tetrahedra turquoise, hydrogen white.
No P–O–P connections are observed as in (NH4)2Mn(II)[B2P3O11(OH)2]Cl (see
Chapter 7.1) or other borophosphates [13]. The polyanion is constructed by cyclic
pentameric 2∞[B2P3Φ12] (Φ = O, OH) units comprising a B:P ratio of 2:3. The lB
zweier-single layer contains an oB vierer-single ring as FBU (Figure 7.18), which was
observed in (NH4)2Mn(II)[B2P3O11(OH)2]Cl [122] for the first time. Formed by two
BΦ4 and three PΦ4 (Φ = O, OH) tetrahedra it can be illustrated with the descriptor
5◻:<4◻>◻ [13, 82, 83, 113].
As mentioned in Chapter 7.1 up to now all protonated borophosphates with a B:P
ratio of 2:3 reveal connection patterns with B–O–B linking in the anionic partial
structures as oB dreier-single rings and olB dreier-single rings. Furthermore, the
anionic partial structure always consisted of [B2P3Φ13] (Φ = O, OH) layers or chains
which exhibited an O:OH ratio of 11:2 or 12:1 [13, 122]. In (NH4)2[B2P3O11(OH)]
the O:OH ratio is reduced to 11:1 which has not been observed yet in ammonia
borophosphates. Charge compensation leads to the elimination of a hydroxyl group
7 Borophosphates 157
due to the absence of an additional metal cation.
Figure 7.18: FBU as an oB vierer-single ring 5◻:<4◻>◻ of
(NH4)2[B2P3O11(OH)]; phosphate tetrahedra blue, borate tetrahedra
turquoise, hydrogen white.
Both B and P atoms are coordinated tetrahedrally by either oxygen atoms or hy-
droxyl groups. B–O bond lengths in the borate tetrahedra range between 1.45 and
1.49 A˚ whereas P–O bond lengths in the phosphate tetrahedra lie between 1.48 and
1.56 A˚. The bond length P–OH is 1.53 A˚. P–Obr distances range between 1.54 and
1.56 A˚, whereas P–Oterm distances lie between 1.48 and 1.49 A˚. These values cor-
respond to typical data found for other borophosphates [122, 144, 224, 225, 228].
B–Obr–P angles range between 106 and 135 °, whereas O–B–O and O–P–O angles lie
between 103–112° (Ø = 110°) and 106–115° (Ø = 109°), respectively. Selected bond
lengths and angles of (NH4)2[B2P3O11(OH)] are listed in Table 7.11.
The calculation of deviation of tetrahedra from ideal symmetry was applied by
the method of Balic´-Zˇunic´ and Makovicky [35, 36]. The five crystallographically
different borate, phosphate and hydroxo-phosphate tetrahedra feature the values−0.36 % (B1), −0.24 % (B2), −0.19 % (P1), −0.32 % (P2) and −0.14 % (P3), which
are similar to tetrahedra in other compounds [97, 98, 129, 187, 189–191] and can be
classified as regular.
The NH+4 ions are located between the parallel and corrugated borophosphate layers
(Figure 7.19) and form numerous hydrogen bonds (Figure 7.20).
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Figure 7.19: Layered crystal structure viewed along [100]; phosphate tetrahe-
dra blue, borate tetrahedra turquoise, nitrogen violet, hydrogen white.
Figure 7.20: Moderately strong hydrogen bonds in (NH4)2[B2P3O11(OH)].
Weak hydrogen bonds are omitted for clarity; phosphorus blue, boron
turquoise, oxygen red, nitrogen violet, hydrogen white.
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Exhibiting distances d(H–A) between 1.52 and 1.96 A˚ and between 2.02 and 2.65 A˚,
moderately strong and weak hydrogen bonds can be assigned, respectively [150].
Both exist between NH+4 ions and terminal and bridging oxygen atoms as well as
between the hydroxyl group and a terminal oxygen atom (Table 7.12).
7.2.5 Electrostatic Calculations
The electrostatic consistency of the structure model was proved by calculations
based on the MAPLE concept (Table 12.8) [32, 33, 152]. The MAPLE value of
the structure model of (NH4)2[B2P3O11(OH)] deviates by 0.7 % from the sum of
MAPLE values of chemically similar compounds. (NH4)2[B2P3O11(OH)] thus shows
electrostatic consistency, as presented in Table 7.13.
Table 7.13: MAPLE calculations for (NH4)2[B2P3O11(OH)] [32, 33, 152]
(NH4)2[B2P3O11(OH)] (NH4)2HPO4 [241] + B2O3 [154] + P2O5 [242]
MAPLE = 117968 kJ⋅mol−1 MAPLE = 118780 kJ⋅mol−1
∆ = 0.7 %
7.2.6 Spectroscopic Properties
7.2.6.1 IR Spectroscopy
The infrared spectrum of (NH4)2[B2P3O11(OH)] was recorded between 4000 and
400 cm−1 and is shown in Figure 7.21. The positions of the bands and the corre-
sponding assignments are given in Table 7.14.
The bands at 3344 and 1645 cm−1 can be assigned to the stretching and deformation
vibrations of the hydroxyl groups [120, 121, 226, 228, 232], while vibrations between
3310–2700 cm−1 and at 1443 cm−1 can be assigned to N–H stretching vibrations [120,
233, 234]. BO4 vibrations can be found at 1157, 1126, 901, 879, 569, 534 and
500 cm−1, whereas typical PO4 vibrations range in the region between 1230 and
400 cm−1. Characteristic bands of symmetric or asymmetric B–O–P stretching and
bending vibrations are found at 866 (νas), 677 (νs), 652–638 (δ) and for δ(O–P–O)
at 592 cm−1 [235, 236].
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Figure 7.21: Infrared spectrum of (NH4)2[B2P3O11(OH)].
Table 7.14: Position / cm−1 and assignment of the IR bands in
(NH4)2[B2P3O11(OH)]
Position Assignment
3344 ν(OH), δ(OH) [120, 121, 226, 228, 232]
3310–2700 ν(NH) [120, 233, 234]
1645 ν(OH), δ(OH) [120, 121, 226, 228, 232]
1443 δ(NH) [120, 233, 234]
1229, 1207, 1157, 1126 ν(BO4), ν(PO4) [235, 236]
1082, 1012, 997, 950 ν(PO4) [235, 236]
901, 879 ν(BO4) [235, 236]
866 νas(BOP) [235, 236]
677 νs(BOP) [235, 236]
652, 638 δ(BOP) [235]
592 δ(OPO) [236]
569, 534, 500 ν(BO4) [235, 236]
446 ν(PO4) [235, 236]
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7.2.6.2 UV-Vis Spectroscopy
Despite the relatively large charge difference between NH+4 and Ln3+ (Ln= Eu, Tb)
and the size of the respective radii (rNH+4 = 1.43 A˚[243], rEu3+ = 1.07 A˚[60],
rTb3+ = 1.04 A˚[60]) the optical properties of (NH4)2[B2P3O11(OH)] were investigated
after doping it with 5.0 mol% Eu3+ and Tb3+ (synthesis see Chapter 7.2.1), respec-
tively. The charge compensation due to the partial occupation of NH+4 lattice sites
by Eu3+ and Tb3+ ions, respectively, is presumably accomplished by vacancies.
The UV-Vis reflection spectra of (NH4)2[B2P3O11(OH)]:Ln3+ (Ln= Eu, Tb) (Fig-
ures 7.22 and 7.23) show the typical absorption bands of the f–f transitions of
Eu3+ and Tb3+ ions, according to the well-known energy level schemes [53, 64]. All
transitions start from the respective ground states 7F0 and 7F6 with the electronic
configuration [Xe]4f 6 and [Xe]4f 8, respectively. The corresponding assignments are
listed in Tables 7.15 and 7.16. No significant deviations from the spectra of other
inorganic salts of europium and terbium were detected and the spectra are in accor-
dance with the colourless powders.
A broad band absorption revealing two maxima at 205 and 238 nm can be assigned
to the LMCT (Figure 7.22). The splitting of the absorption is presumably due to
two different chemical surroundings of Eu3+.
Figure 7.22: UV-Vis spectrum of (NH4)2[B2P3O11(OH)]:Eu
3+.
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Table 7.15: Absorption band energies for the strongest transitions in
(NH4)2[B2P3O11(OH)]:Eu
3+ and in free Eu3+ ions between 200 and 800 nm
Number Absorption λ / nm
(NH4)2[B2P3O11(OH)]:Eu3+
Energy / 103⋅cm−1 Free Eu3+ [53]Energy / 103⋅cm−1
1 7F0→5F4 298 33.6 33.6
2 7F0→5H6 318 31.4 31.5
3 7F0→5D4 362 27.6 27.6
4 7F0→5G4 376 26.6 26.7
5 7F0→5G2 382 26.2 26.3
6 7F0→5L6 394 25.4 25.4
7 7F0→5D2 464 21.6 21.5
8 7F0→5D1 525 19.0 19.0
A broader transition at about 266 nm can be assigned to the parity allowed
4f 8→4f 75d1 transition of Tb3+ (Figure 7.23). Due to the overlap of this transition
with the 7F6→5I4 transition the exact minimum can not be determined.
Figure 7.23: UV-Vis spectrum of (NH4)2[B2P3O11(OH)]:Tb
3+.
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Table 7.16: Absorption band energies for the strongest transitions in
(NH4)2[B2P3O11(OH)]:Tb
3+ and in free Tb3+ ions between 250 and 800 nm
Number Absorption λ / nm
(NH4)2[B2P3O11(OH)]:Tb3+
Energy / 103⋅cm−1 Free Tb3+ [64]Energy / 103⋅cm−1
1 7F6→5I4 266 37.6 37.5
2 7F6→5H8 285 35.1 35.0
3 7F6→5H6 306 32.7 33.0
4 7F6→5D0 319 31.3 31.2
5 7F6→5L8 342 29.2 29.2
6 7F6→5L9 352 28.4 28.5
7 7F6→5G5 359 27.9 27.8
8 7F6→5L10 370 27.0 27.1
9 7F6→5G6 379 26.4 26.4
10 7F6→5D4 489 20.5 20.5
7.2.6.3 Fluorescence Spectroscopy
The fluorescence spectra of (NH4)2[B2P3O11(OH)]:Ln3+ (Ln= Eu, Tb) (Figures 7.24
and 7.25) exhibit the characteristic f–f emissions of Eu3+ and Tb3+, respectively
[53, 64].
(NH4)2[B2P3O11(OH)]:Eu3+ reveals a weak red fluorescence under excitation with
UV light at 254 nm. Between 230 and 310 nm a broad band in the excitation spec-
trum reveals an O2−→Eu3+ charge transfer. Under excitation at 393 nm
(NH4)2[B2P3O11(OH)]:Eu3+ exhibits sharp emission lines between 530 and 750 nm,
which can be assigned to the 5D1→7F1 (538 nm), 5D0→7F1 (594 nm), 5D0→7F2
(613 nm), 5D0→7F3 (653 nm) and 5D0→7F4 (699 nm) transitions [53]. The 5D0→7F1
and 5D0→7F2 transition are of similar intensity, which means that the surround-
ing of Eu3+ is close to inversion symmetry [55, 56]. The two ammonium ions are
surrounded non-symmetrically by oxygen atoms. Instead of ammonia sites Eu3+
presumably occupies interstitial sites providing a nearly centrosymmetric environ-
ment between the corrugated borophosphate layers. The radius of Eu3+ ions is
1.07 A˚[60], whereas the radius of NH+4 ions is about 1.43 A˚[243] and N–O distances
range between 2.77–3.30 A˚. Hence, a movement of Eu3+ to a more narrow but higher
symmetric site is possible. As a consequence the 5D0→7F1 transition is more domi-
nant over the 5D0→7F2 transition. The presence of Eu2O3 could not be proven via
X-ray powder diffraction. Additionally, a broader LMCT is expected, which was
checked via UV-Vis spectroscopy of Eu2O3.
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Figure 7.24: Excitation (black) and emission (red) spectrum of
(NH4)2[B2P3O11(OH)]:Eu
3+.
Figure 7.25: Excitation (black) and emission (green) spectrum of
(NH4)2[B2P3O11(OH)]:Tb
3+.
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The excitation spectrum of (NH4)2[B2P3O11(OH)]:Tb3+ shows a broadened band
between 250 and 280 nm, which reveals the parity allowed 4f 8 →4f 75d1 transition,
which was also observed in the UV-Vis spectrum (Figure 7.23). Under excitation
at 370 nm (NH4)2[B2P3O11(OH)]:Tb3+ exhibits sharp emission lines between 475
and 650 nm, which can be assigned to the 5D4→7F6 (490 nm), 5D4→7F5 (544 nm),
5D4→7F4 (588 nm), 5D4→7F3 (620 nm) and 5D4→7F2 (645 nm) transitions [64].
7.2.7 Thermal Analysis
The thermal behaviour of (NH4)2[B2P3O11(OH)] was investigated between room
temperature and 1400 °C and shows a reasonable stability against thermal treatment
up to 300 °C. The thermogravimetric curve (Figure 7.26) comprises several steps of
mass loss (total mass loss: 38.7 wt%).
For a better understanding and more transparency a temperature-dependent X-
ray powder diffraction (Figure 7.27) was carried out between room temperature
and 950 °C. It confirms that the compound is stable up to approximately 330 °C.
Temperature fluctuations of ± 30 °C may occur due to the different measurement
settings. At higher temperatures the formation of NH4H(PO3)2 (400–500 °C), PON
(700–900 °C) and BPO4 (340–950 °C) is ratified.
Figure 7.26: Thermogravimetric analysis of (NH4)2[B2P3O11(OH)].
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Figure 7.27: Temperature-dependent X-ray powder diffraction patterns of
(NH4)2[B2P3O11(OH)] recorded between 50 and 950 °C and calculated powder
diffraction patterns from single-crystal data of BPO4 [239] (grey) and PON
(brown); NH4H(PO3)2 as a further intermediate phase is highlighted with an
asterix (*).
Based on the temperature-dependent X-ray powder diffraction the following decom-
position equation (Equation 7.2) can be suggested:
(NH4)2[B2P3O11(OH)] ∆Ð→
N2
NH3 +HBO2 + 2.5H2O + 0.5 P2O5 +PON +BPO4 (7.2)
The new insights of the temperature-dependent X-ray powder diffraction including
the corresponding theoretical mass losses are summarised in Table 7.17.
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Table 7.17: Decomposition process during the temperature-dependent X-ray
powder diffraction of (NH4)2[B2P3O11(OH)] (Figure 7.27)
Compound
Temperature
Range / °C
Theoretical Mass
Loss / wt%
(NH4)2[B2P3O11(OH)] RT–350
-(NH3 + HBO2) ≥350 17.7
NH4H(PO3)2 + BPO4 400–500
-(0.5 P2O5 + 2.5 H2O) >500 33.8
PON + BPO4 700–900
-PON >900 17.7
BPO4 ≥950 ∑= 69.2
The comparison with the thermogravimetric curve of (NH4)2[B2P3O11(OH)] shows
that the total mass loss of 38.7 wt% is surpassed by far by the sum of the theoretical
mass losses calculated by the temperature-dependent X-ray powder diffractogram
(69.2 wt%). The first step of mass loss at 350 °C reveals 15.3 wt%, which matches
well with the theoretical mass loss of one mole of NH3 and HBO2 (17.7 wt%), respec-
tively. However, the second step of mass loss at 500 °C (13.2 wt%) does not fit to the
theoretical mass loss of half a mole of P2O5 and 2.5 moles of H2O (33.8 wt%) in this
temperature range. Thus, the formation of relatively stable amorphous intermedi-
ates containing derivatives of phosphoric acid besides PON and BPO4 is assumed, as
mass loss is much lower than expected. For example, the presence of trimetaphos-
phoric acid was also observed by Huang et al. at around 600 °C by investigating
the thermal behaviour of hydrated phosphates and H3PO4, respectively [244]. With
further increasing temperature up to 1400 °C further steadily mass loss is observed,
which is due to the continuous evaporation of amorphous intermediates and PON.
At 950 °C BPO4 is present as single crystalline phase. According to Schmidt et al.
BPO4 is stable up to at least 1100 °C [239].
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7.2.8 Structural Discussion
In contrast to (NH4)2Mn(II)[B2P3O11(OH)2]Cl (1), which crystallises in the mono-
clinic space group P21/n, (NH4)2[B2P3O11(OH)] (2) crystallises in the orthorhom-
bic space group P212121. Besides (1) the title compound (2) represents the second
member in the borophosphate family with an oB vierer-single ring as FBU, but ex-
hibits next to a different protonation degree a varied connection pattern in the layers
(Figure 7.28). In particular, borophosphate layers in (1) comprise loops, which are
formed perpendicularly between two FBUs (Figure 7.29).
Figure 7.28: Comparison of the FBU and layer structure of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (left) and (NH4)2[B2P3O11(OH)] (right);
phosphate tetrahedra blue, borate tetrahedra turquoise, hydrogen white.
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Figure 7.29: Perpendicular intra-layer loops of two FBUs in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; phosphate tetrahedra blue, borate
tetrahedra turquoise, hydrogen white.
The formed layers are both corrugated exhibiting a distance of approximately 8 A˚ and
comprising NH+4 , Mn2+ and Cl− ions (1) and exclusively NH+4 ions (2) in-between
(Figure 7.30).
Figure 7.30: Comparison of the corrugated layer structure of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (left) and (NH4)2[B2P3O11(OH)] (right);
phosphate tetrahedra blue, borate tetrahedra turquoise, chlorine green,
manganese grey, nitrogen violet, hydrogen white.
However, the difference between both structures is to find in the way of corruga-
tion. In (1), which comprises additionally to (2) Mn2+ and Cl− ions, reveals a phase
shift of a half between the borophosphate layers compared to (2). The fact that
the structure of (1) is packed more dense seems to appear less reasonable at first
sight as more atoms have to be accommodated. But one may not neglect attractive
interactions between the Mn2+ ion and the anionic partial structure of the borophos-
phate and the Cl− ion, which were presented in the coordination sphere (Figure 7.6).
Thus, a more dense structure results for (1), which could be confirmed by the cal-
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culated density (Table 7.18). In addition, larger MAPLE values stand for a higher
density, which could be also observed for (1) (124335 kJ⋅mol−1) in contrast to (2)
(117968 kJ⋅mol−1) (Tables 7.6 and 7.13) [32, 33]. Both structures exhibit the same
molar content of NH+4 ions, but differ in one mole Mn2+, Cl− and OH−, respectively.
Electrostatic interactions in (2) base solely on hydrogen bonds, which are repre-
sented to a lower proportion than in (1) due to one missing hydroxyl group (Tables
7.20 and 7.8). Nevertheless, the ratio of moderately strong to weak hydrogen bonds
in (2) is higher than in (1) despite the presence of less hydrogen bonds (Tables 7.12
and 7.5).
Table 7.18: Comparison of the single-crystal structure parameters of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl and (NH4)2[B2P3O11(OH)]; standard devi-
ations in brackets
Sum formula (NH4)2Mn(II) (NH4)2
[B2P3O11(OH)2]Cl [B2P3O11(OH)]
Temperature / K 297(2) 298(2)
Molar weight / g⋅mol−1 450.87 343.62
Crystal system monoclinic orthorhombic
Space group P21/n (no. 14) P212121 (no. 19)
Crystal shape irregular needle
a / A˚ 9.0524(3) 4.509(3)
b / A˚ 8.4729(3) 14.490(11)
c / A˚ 16.5232(5) 16.401(12)
β / ° 92.303(1)
Volume / A˚3 1266.31(7) 1071.7(14)
Z 4 4
Calculated density Dx / g⋅cm−3 2.366 2.130
Rint 0.0329 0.1309
Refined parameters 230 200
Rσ 0.0122 0.0728
R1 (all data) 0.0257 0.0457
wR2 (all data) 0.0632 0.0930
For the investigation of the optical properties the title compound was doped with
Eu3+ and Tb3+ ions. The products were phase pure according to X-ray powder
diffraction measurements. Presumably due to the charge compensation by vacan-
cies luminescence quenching occurs. (NH4)2[B2P3O11(OH)]:Eu3+ exhibits a weak
red fluorescence under excitation at 254 nm, whereas (NH4)2[B2P3O11(OH)]:Tb3+
does not show any visible fluorescence. The UV-Vis and fluorescence spectra were
7 Borophosphates 171
investigated subsequently, which comprised the typical reflectance and fluorescence
spectra of Eu3+ and Tb3+ ions. Apparently, in (NH4)2[B2P3O11(OH)]:Eu3+ Eu3+ ions
do not tend to occupy NH+4 sites. The 5D0→7F1 transition is more dominant than the
5D0→7F2 transition, which reveals a symmetric surrounding of Eu3+. Nevertheless,
both sites of NH+4 ions are coordinated asymmetrically by oxygen atoms. A move-
ment of the smaller Eu3+ ions seems obvious but has to be confirmed by appropriate
measurements.
7.2.9 Thermal Discussion
Despite the very similar sum formula and the identical FBU (oB vierer-single ring)
of (NH4)2Mn(II)[B2P3O11(OH)2]Cl (1) and (NH4)2[B2P3O11(OH)] (2) the thermal
behaviour of the two compounds deviates strongly. (1) decomposes in a single step
of 21.1 % mass loss in the thermogravimetric analysis, whereas (2) exhibits several
steps of mass loss (total mass loss 38.7 %) (Figure 7.31).
Figure 7.31: Comparison of the thermogravimetric analysis of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl and (NH4)2[B2P3O11(OH)].
The thermal stability of (1) is slightly higher (340 °C) than of (2) (300 °C). As
mentioned in the structural discussion (Chapter 7.2.8) the density of (1) is higher
than (2), which is due to attractive interactions between Mn2+ ions and their re-
spective anionic surrounding by Cl− ions and the borophosphate network. (1) forms
intra-layer loops perpendicular to the layer plane. The absence of such loops and
additional ionic interactions in (2) explains the higher thermal stability of about
40 °C of (1). Nevertheless, the corrugated layers of (2) exhibiting no phase shift
and the better ratio of moderately strong to weak hydrogen bonds are not able to
enhance the interaction between the layers to reinforce the thermal stability to the
same level as in (1).
172 7 Borophosphates
7.3 Ammonium Chromium(III) Borophosphate
(NH4)Cr(III)[BP2O8(OH)]
Borophosphates with a B:P ratio of 1:2 represent the largest group of tetrahedral
borophosphates. The FBUs always contain an uB trimer as BBU formed by two
phosphate groups connected to a borate tetrahedron and – in the simplest case –
are identical with the BBU. The well-known FBUs emerging from this BBU re-
veal a great variety in composition and structure. Featuring uB trimers as FBU
compounds exhibiting oligomer and chain structures are known. Oligomers with
[BP2Φ10] (Φ = O, OH) units comprise a large variety in the O:OH ratio and compo-
sition. Up to now, chain borophosphates, e.g. (NH4)Cr(III)[BP2O8(OH)], featuring
1∞[BP2Φ9] (Φ = O, OH) units possess an O:OH ratio of 8:1, but are little represented
[13, 120, 245–252].
7.3.1 Synthesis
(NH4)Cr(III)[BP2O8(OH)] was synthesised under hydrothermal conditions. A mix-
ture of 66.7 mg (0.250 mmol) CrCl3⋅6H2O, 66.0 mg (0.500 mmol) (NH4)2HPO4,
31.0 mg (0.500 mmol) H3BO3 and 0.1 mL H3PO4 (85 %) was enclosed into a sil-
ica ampoule and was kept at 180 °C for seven days. A dark green suspension was
obtained. The product was washed with hot water, filtered off and dried in air
overnight. (NH4)Cr(III)[BP2O8(OH)] was obtained as a dark green crystalline pow-
der with BPO4 as side phase.
7.3.2 X-Ray Powder Diffraction
The ratio of main ((NH4)Cr(III)[BP2O8(OH)]) and side (BPO4) phase was deter-
mined via a Rietveld analysis (Figure 7.32). The single-crystal structure data of
(NH4)V(III)[BP2O8(OH)] [248] served as starting model for the refinement of the
title compound. The refinement was carried out in the range between 5–140 °2θ.
Initially, zero point, scale factor and lattice parameters of both phases were refined.
Subsequently the background was fit manually by linear interpolation and the re-
flection peak shape was fitted using the pseudo-Voigt function. Additionally, two
different asymmetry factors were refined. The atomic coordinates of the starting
model were refined individually. Due to the weak scattering contribution of hydro-
gen atoms and possible rotations of ammonia ions, N and H atoms were not refined.
For BPO4 the refinement of oxygen atoms exclusively occupying a general position
was carried out. Temperature factors (Biso), site occupancies and the hydrogen
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atoms present in this structure were not included in the refinement. Due to the
measuring method preferred orientation was considered as well.
Figure 7.32: X-ray powder diffraction pattern and result of the Rietveld re-
finement for (NH4)Cr(III)[BP2O8(OH)].
(NH4)Cr(III)[BP2O8(OH)] crystallises isotypically to other monovalent trivalent
metal borophosphates with the sum formula AIM III[BP2O8(OH)] (AI = monovalent
metal; M III = trivalent metal), such as AI = Rb and M III = Fe [246], AI = NH4 and
M III = Fe [120, 248] and AI = NH4 and M III = V [248]. It crystallises in the mono-
clinic space group P21/c with the lattice parameters a= 9.3389(1) A˚, b= 8.2771(1) A˚,
c= 9.5910(1) A˚ and β= 102.776(1) °. The structure was refined to very good resid-
uals of Rp = 0.024, Rwp = 0.035 and χ2 = 4.75. Besides the Gaussian peak width
parameters, the asymmetry and preferred orientation parameters are also in a good
range (Table 7.19). The refined atomic coordinates, isotropic displacement factors
(Biso), selected interatomic distances and angles are summarised in Tables 7.20 and
7.21. The Rietveld analysis revealed a portion of 20 % of BPO4 as side phase be-
sides 80 % of (NH4)Cr(III)[BP2O8(OH)]. According to Kritikos et al. none of their
reaction conditions for the synthesis of NH4M III[BP2O8(OH)] (M III = V, Fe) and
(NH4)(Fe(III)0.53V(III)0.47)[BP2O8(OH)] lead to phase pure samples and exhibited
BPO4 as side phase as well, which was mechanically separated using an optical mi-
croscope [248]. This method was also applied for (NH4)Cr(III)[BP2O8(OH)], but
could not be performed successfully due to the presence of polycrystalline powder.
In contrast, RbFe[BP2O8(OH)] was obtained as phase pure product by Kniep et al.
[246].
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Table 7.19: Rietveld refinement parameters of (NH4)Cr(III)[BP2O8(OH)];
standard deviations in brackets
Sum formula (NH4)Cr(III)[BP2O8(OH)]
Molar weight / g⋅mol−1 287.80
Crystal system monoclinic
Space group P21/c (no. 14)
Colour green
a / A˚ 9.3384(1)
b / A˚ 8.2765(1)
c / A˚ 9.5905(2)
β / ° 102.776(1)
Volume / A˚3 722.89(2)
Z 4
Calculated density Dx / g⋅cm−3 2.607
Radiation Cu-Kα
Wavelength λ / A˚ 1.5406
Diffractometer Seifert XRD T/T 3003
Theta range / ° 5.00 ≤ 2θ ≤ 140.00
Step width / ° 0.01 2θ
Data points 14501
No. of atoms 19
Zero point -0.0741(3)
Scale factor 0.0213(2)
Profile function pseudo-Voigt
Gaussian peak width parameters / U | V | W 0.220(39) | -0.067(28) | 0.029(4)
Asymmetry parameters 0, 0.0198(0), 0.0007(0)
Preferred orientation parameters 1.0020(131), 0
Refined parameters 62
Rp 0.024
Rwp 0.035
χ2 4.75
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Table 7.20: Refined atomic coordinates and isotropic displacement parameters
Biso / A˚
2 of (NH4)Cr(III)[BP2O8(OH)]; standard deviations in brackets
Atom
Wyckoff
symbol
x y z Biso
Cr1 4e 0.2095(4) 0.1508(4) 0.4319(5) 0.70
P1 4e 0.0745(6) 0.4335(6) 0.2047(7) 1.00
P2 4e 0.4169(6) 0.2375(7) 0.2204(7) 1.00
B1 4e 0.336(2) −0.070(3) 0.679(3) 1.00
Obr1 4e 0.4080(11) 0.4115(12) 0.2565(10) 1.00
Obr2 4e 0.5970(11) 0.2032(11) 0.2489(11) 1.00
Obr3 4e 0.1884(10) 0.5855(11) 0.2262(12) 1.00
Oterm1 4e 0.3726(9) 0.2957(10) 0.5565(12) 1.00
Oterm2 4e 0.3434(8) 0.1229(10) 0.3126(12) 1.00
Oterm3 4e 0.0874(9) 0.1687(10) 0.5862(11) 1.00
Oterm4 4e 0.1130(11) 0.3414(11) 0.3486(11) 1.00
Oterm5 4e 0.0793(10) −0.0041(11) 0.2918(10) 1.00
OH1 4e 0.3158(9) −0.0469(10) 0.5208(11) 1.00
Obr = bridging oxygen atom; Oterm = terminal oxygen atom;
OH = hydroxyl group
Table 7.21: Selected interatomic distances / A˚ and angles / ° in
(NH4)Cr(III)[BP2O8(OH)]; standard deviations in brackets
B–Obr 1.47(2)–1.489(18)
B–OH 1.486(20)
P–Obr 1.457(10)–1.626(9)
P–Oterm 1.453(10)–1.600(10)
Cr–O 1.886(12)–2.125(8)
B–Obr–P 116.1(15)–137.8(15)
O–P–O 101.1(8)–116.4(10)
O–B–O 100.8(13)–116.0(13)
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7.3.3 Crystal Structure Description
(NH4)Cr(III)[BP2O8(OH)] crystallises in the monoclinic space group P21/c with four
formula units per unit cell. All atoms are located on the general Wyckoff position
4e. The anionic partial structure of (NH4)Cr(III)[BP2O8(OH)] exhibits layers of
zig-zag chains of corner-sharing hydroxo-borate and phosphate tetrahedra (Figure
7.33).
Figure 7.33: Parallel oB vierer-single chains in (NH4)Cr(III)[BP2O8(OH)] in
the [110] plane; FBU highlighted; phosphate tetrahedra blue, borate tetrahe-
dra turquoise.
Figure 7.34: BBU/FBU as an uB trimer 3◻:3◻ of (NH4)Cr(III)[BP2O8(OH)];
phosphate tetrahedra blue, borate tetrahedra turquoise, hydrogen white.
As in (NH4)2Mn(II)[B2P3O11(OH)2]Cl (Chapter 7.1) no P–O–P and B–O–B connec-
tions are observed. The polyanion is constructed by uB trimeric 1∞[BP2Φ9] (Φ = O,
OH) BBUs (Figure 7.34) comprising a B:P ratio of 1:2. The BBU consisting of one
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BΦ4 and two PΦ4 (Φ = O, OH) tetrahedra, illustrated with the descriptor 3◻:3◻, is
condensed to form parallel oB vierer-single chains [13].
Both B and P atoms are coordinated tetrahedrally with boron forming BO4H and
phosphorus PO4 tetrahedra. B–O bond lengths in the borate tetrahedra range be-
tween 1.47 and 1.49 A˚, whereas P–O bond lengths in the phosphate tetrahedra lie
between 1.46 and 1.63 A˚. The bond length B–OH is 1.47 A˚. B–Obr distances range
between 1.47 and 1.49 A˚ whereas P–Obr distances range between 1.46 and 1.63 A˚ and
P–Oterm distances lie between 1.45 and 1.60 A˚. Values in this order of magnitude were
also found in other borophosphates [120, 246, 248]. B–Obr–P angles range between
116 and 138 °, whereas O–B–O and O–P–O angles lie between 101–116° (Ø = 109°),
respectively. Selected bond lengths and angles of (NH4)Cr(III)[BP2O8(OH)] are
listed in Table 7.21.
The calculation of deviation of tetrahedra from ideal symmetry was applied by the
method of Balic´-Zˇunic´ and Makovicky [35, 36]. The three crystallographically differ-
ent hydroxo-borate and phosphate tetrahedra in (NH4)Cr(III)[BP2O8(OH)] feature
the values −1.12 % (B1), −0.73 % (P1) and −1.15 % (P2). One phosphate tetra-
hedra can be classified as regular since its value is below 1 %. The hydrogen-
borate tetrahedra and one phosphate tetrahedra exhibit a slight distortion and are
thus close to a regular tetrahedra. Similar values were found in other tetrahedra
[97, 98, 122, 129, 187, 189–191].
The parallel borophosphate chains in the [110] plane are built by parallel zig-zag
chains running along [010], which are interconnected via common oxygen corners
of CrO6 octahedra as demonstrated in Figure 7.35. The crystal structure possesses
one unique site of the Cr3+ ion, which is coordinated distorted octahedrally by six
oxygen atoms (Figure 7.36).
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Figure 7.35: Layered crystal structure viewed along [010], intercon-
nected via common oxygen corners of CrO6 octahedra (yellow) of
(NH4)Cr(III)[BP2O8(OH)]; phosphate tetrahedra blue, borate tetrahedra
turquoise, nitrogen violet, hydrogen white.
Figure 7.36: Coordination sphere of chromium in (NH4)Cr(III)[BP2O8(OH)].
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The coordinating oxygen atoms originate from the hydroxyl group of the borate and
terminal oxygen atoms of four phosphate tetrahedra belonging to three adjacent
borophosphate chains. The Cr–O bond lengths range between 1.89 and 2.10 A˚ (Table
7.21). These values are in good agreement with the sum of the ionic radii of Cr3+
and the coordinating atoms, e.g. 1.94 (OH−) and 1.97 A˚ (O2−) [60], respectively.
Along [100] oval shaped channels (approx. 5.60 Ö 3.40 A˚2) are formed, in which the
NH+4 ions are situated (Figure 7.37).
Figure 7.37: Oval shaped channels in [100] in (NH4)Cr(III)[BP2O8(OH)]. Yel-
low octahedra centred by manganese, blue and turquoise tetrahedra centred
by phosphorus and boron, respectively.
7.3.4 Electrostatic Calculations
The coordination number of chromium was proofed by calculations based on the
MAPLE concept (Table 12.9) [32, 33, 152]. The electrostatic consistency of the
structure model was compared with the MAPLE values of the single-crystal data
of (NH4)V(III)[BP2O8(OH)] [248]. Both structures reveal considerable deviations
from electrostatic consistency. In (NH4)V(III)[BP2O8(OH)] the deviation is slightly
larger than in (NH4)Cr(III)[BP2O8(OH)], exhibiting deviations of 5.6 and 5.2 %, re-
spectively (Table 7.22). Applying the rule for electrostatic consistency strictly both
crystal structures do not possess a proper structure model with balanced electro-
statics.
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Table 7.22: MAPLE calculations for (NH4)Cr(III)[BP2O8(OH)] and
(NH4)V(III)[BP2O8(OH)] [32, 33, 152]
Compound MAPLE / kJ⋅mol−1
(NH4)Cr(III)[BP2O8(OH)] 81644
0.5 Cr2O3 [253] + 0.5 B2O3 [154] 77437
+ P2O5 [193] + NH3 [254] + H2O [155]
∆ = 5.2 %
(NH4)V(III)[BP2O8(OH)] 82008
0.5 V2O3 [255] + 0.5 B2O3 [154] 77341
+ P2O5 [193] + NH3 [254] + H2O [155]
∆ = 5.7 %
A closer look on the MAPLE results in detail in Table 12.9 shows that in both com-
pounds the coordination of the transition metal is six. The ECoN value indicates
the bond proportion of the corresponding ligand, which lies for both compounds
in the same range (1.25–0.63 (Cr) and 1.10–0.78 (V)). An unexpected result oc-
curs in the coordination sphere of the ammonia ion. According to this only H2
exhibits bond proportions (ECoN = 1.03) large enough to be electrostatically con-
sidered as ligand of N1 in (NH4)Cr(III)[BP2O8(OH)]. The same result occurs in
(NH4)V(III)[BP2O8(OH)] as the atoms of the ammonia ion have not been refined.
Apparently, hydrogen atoms with a distance d(N–H) larger than 0.65 A˚were no more
considered as ligands of the ammonia ion. In general, distances d(N–H) show a
large scattering reaching from 0.65–1.08 A˚. In (NH4)2Mn(II)[B2P3O11(OH)2]Cl in
contrast, all distances d(N–H) lie between 0.96–0.97 A˚(Table 12.7). Besides a nar-
row distribution a larger distance d(N–H) is considered in general (Table 7.6).
The *MAPLE values of H2 as single ligand of N1 and of H3 as ligand in the nearest
distance are strongly increased in contrast to the protons that were not considered
as ligands, which emphasises the reduced number of included ligands.
Further MAPLE calculations of both compounds excluding the protons of the am-
monia ion by keeping neutrality of charge (N+ instead of NH+4) show even stronger
deviating and smaller values (Table 7.23). Due to the missing protons in the struc-
ture the Coulomb Part of Lattice Energy decreases. The Coulomb energy EC of
a compound strongly depends on the charge and the cation-anion distance (Equa-
tion 3.10). Hence, it does not surprise that with an increasing cation-anion dis-
tance EC decreases, which could be observed both in (NH4)Cr(III)[BP2O8(OH)] and
(NH4)V(III)[BP2O8(OH)] (Table 7.23). The coordination spheres of all Cr3+/V3+,
P5+ and B3+ ions stay unaffected. Due to the missing protons of the NH4 ion the
*MAPLE values of all atoms are in the same scale with the exception of H1 at-
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tached to one oxygen atom of the borate tetrahedra (Table 12.10). Covalently at-
tached protons tend to exhibit increased *MAPLE values of about 70–120, which
was already observed in other compounds, e.g. Ln[H(PO3)4] (Ln= Tb, Ho) and
(NH4)2[B2P3O11(OH)] (Tables 12.2, 12.3 and 12.8).
Table 7.23: MAPLE calculations for NCr(III)[BP2O8(OH)] and
NV(III)[BP2O8(OH)] (protons of NH
+
4 ions excluded) [32, 33, 152]
Compound MAPLE / kJ⋅mol−1
(N)Cr(III)[BP2O8(OH)] 67699
0.5 Cr2O3 [253] + 0.5 B2O3 [154] 76150
+ P2O5 [193] + NH3 [254] + H2O [155]
∆ = -12.5 %
(N)V(III)[BP2O8(OH)] 68158
0.5 V2O3 [255] + 0.5 B2O3 [154] 77341
+ P2O5 [193] + NH3 [254] + H2O [155]
∆ = -11.6 %
7.3.5 Spectroscopic Properties
7.3.5.1 IR Spectroscopy
Figure 7.38: Infrared spectrum of (NH4)Cr(III)[BP2O8(OH)].
The infrared spectrum of (NH4)Cr(III)[BP2O8(OH)] was recorded between 4000
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and 400 cm−1 and is shown in Figure 7.38. The position of the bands and the
corresponding assignments are given in Table 7.24.
Table 7.24: Position / cm−1 and assignment of the IR bands in
(NH4)Cr(III)[BP2O8(OH)]
Position Assignment
3589 ν(OH), δ(OH) [120, 121, 226, 232, 234, 248, 256]
3230–2850 ν(NH) [120, 233]
1664 δ(OH) [120, 121, 226, 228, 232–234]
1440–1400 ν(NH) [120, 233]
1094 ν(BO4) [235, 236]
1060–400 ν(PO4) [235, 236, 256]
972 ν(PO4) [235, 236]
905 ν(BO4) [235, 236]
866 ν(BO4), νas(BOP) [235, 236]
708 νs(BOP) [235, 236]
646 δ(BOP) [235, 236]
586 δ(OPO) [235, 236]
513, 444 ν(BO4) [235, 236]
The bands at 3589 and 1664 cm−1 can be assigned to the stretching and deformation
vibrations of the OH group [120, 121, 226, 228, 232–234, 248, 256]. Vibrations
between 3230–2850 cm−1 and 1440–1400 cm−1 belong to N–H stretching vibrations
[120, 233]. BO4 vibrations can be found at 1094, 905, 866, 513 and 444 cm−1, whereas
typical PO4 vibrations range in the relatively lower region between 1060–400 cm−1,
respectively. Characteristic bands of symmetric or asymmetric B–O–P stretching
and bending vibrations are found at 866 (νas), 708 (νs), 646 (δ) and for δ(O–P–O)
at 586 cm−1 [235, 236]. Exhibiting BPO4 as side phase of (NH4)Cr(III)[BP2O8(OH)]
makes a clear assignment of BO4, PO4 and B–O–P bands to one phase impossible.
Stretching vibrations of PO4 appear at 1145 (νas), 1045 (νas) and 984 cm−1 (ν),
whereas PO4 bending vibrations (δ) are expected at 633, 604, 564 cm−1 [257]. BO4
stretching and bending vibrations appear at 930 and 550 cm−1, respectively [258].
Further impurification can be excluded as no other bands could be detected.
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7.3.5.2 UV-Vis Spectroscopy
The UV–Vis reflection spectrum of (NH4)Cr(III)[BP2O8(OH)] was recorded between
200–800 nm. It is shown in Figure 7.39 and reveals four absorption bands.
Figure 7.39: UV–Vis spectrum of (NH4)Cr(III)[BP2O8(OH)].
In an octahedral environment d–d transitions in a d3 Cr3+ ion are parity forbidden
[8, 37, 41, 42]. In (NH4)Cr(III)[BP2O8(OH)] Cr3+ ions are coordinated distorted
octahedrally by six oxygen atoms and thus three absorption bands at 288, 450 and
628 nm can be observed. The rule of the spin prohibition [8, 37, 41, 42] is satisfied
as only transitions with no change of the total spin occur. Two transitions in the
visible region at 628 nm (4A2g→4T2g) and 450 nm (4A2g→4T1g), absorbing radiation
in the red and blue visible region, are responsible for the deeply green body colour
of the compound and originate from varying energies which are caused by electron
repulsion. In Table 7.25 all observed transitions are summarised.
Table 7.25: Absorption bands of (NH4)Cr(III)[BP2O8(OH)]
Transition Wavelength / nm Wavenumber / 103 cm−1
4A2g→4T2g 628 15.9
4A2g→4T1g 450 22.2
4A2g→4T1g 288 34.7
LMCT 200 50.0
By excitation from the dxy to the dx2−y2 orbital the location of the electron is only
turned by 45° in the xy plain and an energy amount of 10Dq is consumed (Figure
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7.40 (1)). In contrast, excitation from the dxy to the dz2 or from the dxz and dyz to
the dx2−y2 orbital, respectively, leads to a higher concentration of electron density
around the z axis or the xy plane, respectively (Figure 7.40 (2)). Consequently, next
to 10Dq an additional repulsion (x) has to be overcome. In total, three degenerated
transitions of 10Dq (lower energy) and >10Dq (higher energy) exist, respectively
[8, 42]. The third transition in the ultraviolet region at 288 nm (4A2g→4T1g) possesses
about twice the energy of the single electron transition and can be assigned to
a three-fold degenerated two electron transition from t2g to eg (Figure 7.40 (3))
[8, 42, 259].
Figure 7.40: Electron transitions in Cr3+ (d3).
Although transitions leading to a change of the multiplicity are forbidden, never-
theless very weak absorptions can be observed. In (NH4)Cr(III)[BP2O8(OH)] the
spin-forbidden 4A1g→2Eg transition results in a shoulder at 683 nm of the spin-
allowed 4A2g→4T2g transition at 628 nm. Due to the Jahn-Teller effect the width
of the transitions is broadened [8, 42]. Between 200 and 270 nm an intense LMCT
occurs due to an electron transfer from the p orbital of the ligand to the d orbital
of the metal ion [8, 42].
For a more detailed characterisation of the strength of the ligand field of Cr3+ in
(NH4)Cr(III)[BP2O8(OH)] a Tanabe-Sugano diagram of a d3 ion (Figure 7.41) [42,
260] in an octahedral ligand field was used [43].
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Figure 7.41: Tanabe-Sugano diagram of a d3 ion in an octahedral ligand field
[42, 260].
Using the wavenumbers of the observed transitions (Table 7.25) the following ratios
can be calculated (Equation 7.3 and 7.4):
4A2g →4 T1g
4A2g →4 T2g = 22222 cm−115924 cm−1 = 1.4 (7.3)
4A2g →4 T1g
4A2g →4 T2g = 34722 cm−115924 cm−1 = 2.2 (7.4)
In Figure 7.41 the ratios of these transitions are found at ∆/B ≈ 2.12. The graphically
determined E/B ratios of the three transitions are used to calculate B′ (Equations
7.6 to 7.8) using the general Equation 7.5.
E
B′ = X (7.5)
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B′1 = 15924 cm−121.1 = 754.69 cm−1 (7.6)
B′2 = 22222 cm−131.0 = 716.84 cm−1 (7.7)
B′3 = 34722 cm−148.1 = 721.87 cm−1 (7.8)
Thus, an average value of the Racah parameter B′ = 731 cm−1 results. The para-
meter B′ describes the interelectronic repulsion in high- and low-spin transition
metal complexes. Usually the value for free transition metal ions in the gas phase is
close to 1000 cm−1. Racah parameters for ions in complexes (B′) are generally smaller
due to less repulsive interactions between electrons compared to the corresponding
free ions (B). This also holds for the example calculated above. In the literature
the B value for Cr3+ in the gas phase is 918 cm−1 [42], which is larger than the value
determined via UV-Vis spectroscopy for Cr3+ in (NH4)Cr(III)[BP2O8(OH)].
The ligand field splitting (LFS) ∆o of Cr3+ in (NH4)Cr(III)[BP2O8(OH)] can be
calculated using the following Equation 7.9 .
∆oDq = ∆/B ⋅ 10 ⋅B′ = 2.12 ⋅ 10 ⋅ 731 cm−1 = 15.5 ⋅ 103 cm−1 (7.9)
The comparison with other ∆o Cr3+ complexes shows that the ligand field strength
of the sixfold coordination sphere of oxygen atoms in the borophosphate anion is
slightly larger than in Cr(PO3)3 or CrF6, due to a stronger LFS (Table 7.26).
Table 7.26: Selected ∆o / cm
−1 of Cr3+ complexes [42]
CN− NH3 BO3−3 [261] H2O [BP2O8(OH)]4− (PO3)3−3 [262], F− Cl−
26600 21500 18300 17400 15500 15060 13000
However, the LFS of CrBO3 reveals a much larger value for ∆o [261]. Due to more po-
larised B–O bonds BO3−3 exhibits a stronger interaction with the Cr3+ ion and a larger
LFS occurs. A closer look on the coordination sphere in (NH4)Cr(III)[BP2O8(OH)]
(Chapter 7.3.3) shows that Cr3+ is coordinated by five phosphate oxygen atoms and
one hydroxyl group of the borate tetrahedron. Thus, the major coordination sphere
is provided by oxygen atoms originating from phosphate groups and ∆o is close to
the value of Cr(PO3)3 [262]. Nevertheless, the relatively strong contribution of the
single hydroxylborate may not be neglected, which shifts ∆o to higher wavenumbers.
This result fits very well to the spectrochemical row of ligands, where F− represents
a weaker ligand than O2− [8, 42].
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7.3.6 Thermal Analysis
The thermal behaviour of (NH4)Cr(III)[BP2O8(OH)] was investigated between room
temperature and 1400 °C (Figure 7.42) and shows a certain stability against thermal
treatment. The thermogravimetric curve shows a single step of mass loss of 11.6 wt%
in the temperature range between 300 and 800 °C. Assuming that along with one
mole of NH3 a further mole of H2O evaporates (theor. mass loss: 12.18 wt%), a com-
position of Cr(III)[BP2O8] might be expected. Such anions are present in borophos-
phates with the general formula AIM II(H2O)2[BP2O8] (AI = Na, K; M III = Mg, Mn,
Fe, Co, Ni, Zn) [248, 263], but have never been observed in non-hydrated chromium
borophosphates. With further increasing temperature and maintaining the sample at
1400 °C further mass loss of 2.9 wt% is observed. According to Schmidt et al. anhy-
drous BPO4, representing the side phase in the sample of (NH4)Cr(III)[BP2O8(OH)],
is stable up to 1100 °C [239]. Thus, the occurring mass loss between 300 and 800 °C
can be assigned certainly to the decomposition of (NH4)Cr(III)[BP2O8(OH)]. X-ray
powder diffraction of the deeply green polycrystalline sample after the heating pro-
cess reveals an unknown phase (*) with Cr2O3 [253] as side phase (Figure 7.43 red).
According to Schmidt et al. BPO4 decomposes at about 1100 °C [239]. Thus, it
could not be assigned (Figure 7.43). By heating the title compound up to 800 °C
BPO4 as main product and the unknown side phase can be obtained as well (Figure
7.43 blue).
Figure 7.42: Thermogravimetric analysis of (NH4)Cr(III)[BP2O8(OH)].
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Figure 7.43: X-ray powder diffraction pattern of (NH4)Cr(III)[BP2O8(OH)]
after the thermogravimetric analysis at 1400 °C in N2 (red), after the thermal
treatment in N2 at 800 °C (blue) and calculated X-ray powder diffraction pat-
terns from single-crystal data of Cr2O3 (green) [253] and BPO4 [239] (black)
and unknown phase (*).
7.3.7 Structural Discussion
In contrast to the borophosphates presented in the two previous chapters (Chap-
ter 7.1 and 7.2) (NH4)Cr(III)[BP2O8(OH)] (3) exhibits a different BBU/FBU (uB
trimer), which forms parallel zig-zag chains (oB vierer-single chain) instead of lay-
ers. The polyanion as uB trimer 1∞[BP2Φ9] (Φ = O, OH) with a B:P ratio of
1:2 is already known in other borophosphates, e.g. RbFe(III)[BP2O8(OH)] [246],
(NH4)Fe(III)[BP2O8(OH)] [120, 248] and (NH4)V(III)[BP2O8(OH)] (4) [248], which
crystallise isotypically in the space group P21/c (Table 7.27). The single-crystal
data of (4) served as starting model for the Rietveld refinement of (3). Due to
the larger ionic radius of V3+ (0.79 A˚[60]) compared to Cr3+ (0.62 A˚[60]) the lattice
parameters and the cell volume of (3) are slightly smaller than in (4). The b axis
and the β angle of (3) are marginally larger than in (4), which can be neglected
due to data received from a powder refinement.
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Table 7.27: Comparison of the structure parameters of
(NH4)Cr(III)[BP2O8(OH)] (3) (Rietveld refinement; this work) and
(NH4)V(III)[BP2O8(OH)] (4) (single-crystal structure; [248]); standard
deviations in brackets
Sum formula (NH4)Cr(III) (NH4)V(III)
[BP2O8(OH)] (3) [BP2O8(OH)] (4)
Molar weight / g⋅mol−1 287.80 286.74
Crystal system monoclinic monoclinic
Space group P21/c (no. 14) P21/c (no. 14)
Colour dark green pale green
a / A˚ 9.3389(1) 9.425(2)
b / A˚ 8.2771(1) 8.269(2)
c / A˚ 9.5910(1) 9.697(2)
β / ° 102.776(1) 102.26(2)
Volume / A˚3 723.03(2) 738.5(2)
Z 4 4
Calculated density Dx / g⋅cm−3 2.644 2.579(1)
Rp / Rint 0.024 0.0747
Refined parameters 62
Rwp / R1 (all data) 0.035 0.0329
χ2 / wR2 (all data) 4.75 0.0728
The protonated borate and one phosphate (P2O4) tetrahedron exhibit a larger de-
viation of tetrahedra (−1.12 % and −1.15 %) compared to the P1O4 phosphate tetra-
hedron (−0.73 %). B–O bonds are distinguished between three B–Obr and one B–OH
bond. Due to less effective negative charge on the bridging oxygen atom, the B–Obr
distances are expected to be longer than the B–OH distance. However, d(B–OH)
reveals a distance of 1.49 A˚, whereas d(B–Obr) exhibits distances of 1.47–1.49 A˚ in
(3). In (4) the B–O bond lengths are 1.46 A˚ (B–OH) and 1.48–1.49 A˚ (B–Obr),
which fit very well in the range of B–O bonds [122, 180, 248]. Besides the the B–O
bond lengths the P–O bond lengths show a broad range in (3). Whereas P–Obr dis-
tances lie between 1.46–1.63 A˚, P–Oterm distances range between 1.45–1.60 A˚. The
general trend indicates a shorter P–Oterm bond compared to the P–Obr bond, but
does not show a clear differentiation. Furthermore, the upper limit of the P–O dis-
tances reaching 1.60 A˚ or more is already quite large for borophosphates. Thus, the
combination of diverging distances and angles in P2O4 and BO4, respectively, leads
to a deviation of tetrahedra > 1 %. This may be owed to the fact that a Rietveld
refinement does not provide that accurate atomic positions and hence less precise
values of interatomic distances.
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MAPLE results for (3) deviate by 5.2 % from electrostatic consistency. Omitting
the protons of the ammonium ion by keeping neutrality of charge showed a way
stronger deviation of the MAPLE value (−12.5 %). Calculations for (4) revealed
similar results. Exhibiting such a strong impact on the electrostatic balance and
thus on the stability, slight shifts of Cr/V, P, B and O atoms may be neglected in
contrast to the position of the ammonium ion. Presumably the ammonium ion shows
a tendency to rotate. In combination with the quite low scattering contribution of
the hydrogen atoms a clear location is quite difficult. Thus, MAPLE values of
compounds including NH+4 ions should be treated with caution.
In-between the borophosphate chains Cr3+ and NH+4 ions are located. The Cr3+ ions
are coordinated by six oxygen atoms. Due to the distortion of the octahedral co-
ordination polyhedra inversion symmetry is broken and optical transitions become
allowed. Additionally, in a d3 transition metal in an octahedral surrounding transi-
tions are only allowed if the total spin does not change (spin prohibition). In (3)
three optical transitions occur in the UV, blue and orange-red region. Thus, wave-
lengths in the green region are reflected and lead to an intense dark green body
colour.
According to the authors, (4) possesses a pale green body colour [248]. In a d2
system also three different absorption bands are expected. The two electron transi-
tion (3T1g→3A2g) is weak and appears in the UV at about 277 nm. The 3T1g→3T2g
and 3T1g→3T1g(P ) transitions occur at 580 and 390 nm, respectively [42]. Thus, only
wavelengths of the yellow-orange region are absorbed, which results in a blueish green
body colour. The coordination distances d(V3+–O) in the range of 1.97–2.08 A˚ are
slightly larger than the d(Cr3+–O) distances, which lie between 1.89–2.10 A˚. This
trend is expected since the ionic radii of V3+ and Cr3+ in an octahedral environment
behave in the same way (r(V3+) = 0.79 A˚, r(Cr3+) = 0.62 A˚[60]).
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7.3.8 Thermal Discussion
Thermal analysis showed that (NH4)Cr(III)[BP2O8(OH)] (3) is stable up to 300 °C,
before a loss of presumably NH3 and H2O over a wide temperature range up to
800 °C occurs. This was also assumed by Kritikos et al. [248] (Figure 7.44). In
(NH4)V(III)[BP2O8(OH)] (4) the first step of thermal decomposition is already
finished at 670 °C. Unfortunately the thermal behaviour of (4) has not been in-
vestigated at temperatures >670 °C for a better comparison. By increasing the
temperature further up to 1400 °C Cr2O3 besides an unknown but crystalline phase
are built (Figure 7.43). Heating (3) up to 800 °C in N2 a grey-green powder is ob-
tained. The first step of mass loss is finished and BPO4 represents the main phase
besides the unknown side phase, which also occurs at higher temperature (Figure
7.43).
Figure 7.44: Comparison of the thermogravimetric analysis of
(NH4)Cr(III)[BP2O8(OH)] and (NH4)V(III)[BP2O8(OH)] [248].
The IR spectrum of the product after the thermal analysis at 1400 °C still confirms
the presence of N–H bands at 3210 and 1396 cm−1 (Figure 7.45). Thus, the following
reaction equation is suggested (Equation 7.10):
NH4Cr[BP2O8(OH)] +BPO4 ∆Ð→
N2
NH3 + 1.5H2O + 2BPO4 + 0.5 Cr2O3 +NH4CrP2O7
(7.10)
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Figure 7.45: Comparison of the infrared spectra of (NH4)Cr(III)[BP2O8(OH)]
(black) and (NH4)Cr(III)[BP2O8(OH)] after the thermal analysis (red).
The single-crystal structure of NH4CrP2O7 has not been solved yet. However, Durif
reported that monovalent-trivalent cation diphosphates, which exhibit K, NH4, Rb,
Cs and Tl are derivatives that crystallise with the NaFeP2O7(I) structure [264].
Nevertheless, the simulated X-ray powder diffractogram of NaFeP2O7 (I) [265] does
not fit to the observed side phase. Additionally, the question raises if an ammonia
containing phosphate possesses such an exceptional thermal stability. Grunze et al.
reported about the synthesis temperature of NaFeP2O7(II) at about 1100 °C [266].
Thus, it might be possible that NH4CrP2O7 crystallises in another modification at
1400 °C.
(3) was obtained containing 20 % of BPO4 as side phase. Further optimisation of
the reaction conditions did not lead to phase pure samples. Kritikos et al. were
also faced with this problem and thus separated single-crystals of (4) mechanically
using an optical microscope [248]. Unfortunately the sample of (3) is exclusively a
polycrystalline powder, which made a separation by hand impossible.
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K5[B(SO4)4]
K5[B(SO4)4] is the first representative of its kind exhibiting B–O–S connections.
That sort of connection was already suspected by Schott and Kibbel expecting a
highly interconnected anionic network after receiving hygroscopic crystalline prod-
ucts from the reaction of H3BO3 with SO3 and A2SO4 (A= alkaline metal) [267]. Due
to the hygroscopic and chemically aggressive character only X-ray powder diffrac-
tion could be performed, while single-crystal structure analysis was not possible
[267]. At the same time Gillespie and Robinson investigated dilute solutions of
H3BO3 and B2O3 in 100 % H2SO4 and dilute oleum and reported the formation of
a tetra(hydrogensulphato)boric acid, HB(HSO4)4, and its hydronium salt as rather
strong acids. By adding metal sulphates dissolved in sulphuric acid the solutions
were neutralised and after a few hours to days colourless slightly hygroscopic salts
were received, which were investigated by cryoscopic and conductometric measure-
ments [268].
K5[B(SO4)4] exhibits a chiral crystal structure and thus reveals great potential as
efficient host lattice in luminescent materials doped with activator ions, e.g. Eu2+,
Eu3+, Tb3+ [45, 61, 64, 269]. Due to the relatively high electronegativity of the S6+
ions a weak coordination of the cation and thus also a weak nephelauxetic effect is
expected, which influences the luminescence properties of the activator ion [270].
Derived from the well-known and manifold groups of borophosphates, borosulphates
comprise a promising structural variety [13, 135, 136, 271]. The non-protonated oB
pentamer as FBU of K5[B(SO4)4] is already known for borophosphates, where up to
now only a few compounds were found [13]. Most results presented in this chapter
are published in a science journal [129, 272].
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8.1 Synthesis
K5[B(SO4)4] was synthesised via a solid state reaction. 154.3 mg (0.6067 mmol)
K2S2O7 and 12.50 mg (0.2022 mmol) H3BO3 were ground in an agate mortar and
transferred into a corundum crucible. The reaction mixture was heated up to 375 °C
with a heating rate of 30 °C/h using a muﬄe furnace. The temperature was kept for
15 hours before cooling down to room temperature with a cooling rate of 20 °C/h.
K5[B(SO4)4] was obtained as colourless, slightly hygroscopic crystalline powder.
Phase pure K2S2O7 as precursor was synthesised by heating KHSO4 for 11 days at
200 °C (Equation 8.1).
2KHSO4
200 ○CÐÐÐ→ K2S2O7 +H2O (8.1)
8.2 X-Ray Powder Diffraction
The phase purity of the sample was checked by X-ray powder diffraction (Figure 8.1)
and confirmed the formation of phase pure K5[B(SO4)4]. The intensities and also
the positions of all of the reflections are in very good agreement with the calculated
data based on the structure model derived from single-crystal data (Chapter 8.3).
Figure 8.1: X-ray powder diffraction pattern of K5[B(SO4)4] (red) and calcu-
lated X-ray powder diffraction pattern from single-crystal data of K5[B(SO4)4]
(black).
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8.3 Crystal Structure Determination
A colourless single-crystal of K5[B(SO4)4] with a size of 0.25 × 0.22 × 0.15 mm3
was isolated and mounted on a MicroMount. The collection of the crystal data was
run on a Stoe IPDS 2 diffractometer. The data were corrected for absorption by
applying a numerical correction on the basis of an optimized crystal shape by the
software tool X-Shape of the program X-Area [273]. K5[B(SO4)4] crystallises in a
new structure type in the tetragonal space group P41 with the lattice parameters
a= 9.9023(5) A˚, c= 16.1871(10) A˚.
4156 reflections were collected. Out of 2744 independent reflections 2493 were ob-
served (F2o > 2σ (F
2
o), Rint = 0.042). The crystallographic data, the parameters of the
measurement and refinement are summarised in Table 8.1. The structure was solved
by direct methods using the programs SHELXS-97 and SHELXTL-97 [21, 22] and
refined applying a twin law (0 1 0 1 0 0 0 0 1¯; BASF = 0.373(3)) with anisotropic dis-
placement parameters for all atoms. The anisotropic refinement revealed R-values of
R1 = 0.0528 and wR2 = 0.1045. The K, B, S and O atoms could be clearly located.
The refined atomic coordinates, anisotropic displacement parameters, selected in-
teratomic distances and angles are summarised in Tables 8.2 to 8.4.
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Table 8.1: Single-crystal refinement parameters of K5[B(SO4)4]; standard de-
viations in brackets
Sum formula K5[B(SO4)4]
Temperature / K 293(2)
Molar weight / g⋅mol−1 590.56
Crystal system tetragonal
Space group P41 (no. 76)
Crystal shape block
Crystal size / mm3 0.25 × 0.22 × 0.15
Colour colourless
a / A˚ 9.9023(5)
c / A˚ 16.1871(10)
Volume / A˚3 1587.23
Z 4
Calculated density Dx / g⋅cm−3 2.464
Absorption coefficient µ / mm−1 1.986
F(000) 1168
Radiation (λ / A˚) Mo-Kα (0.7093)
Diffractometer Stoe IPDS 2
Absorption correction numerical
Transmission factor (min./max.) 0.62 / 0.75
Index range h|k|l (min./max.) -10/11 | -11/11 | -19/19
Theta range / ° 2.06 ≤ θ ≤ 24.99
Reflections collected 4156
Independent reflections 2744
Observed reflections 2493 (F2o > 2σ (F
2
o))
Rint 0.042
Refined parameters 237
Rσ 0.054
R1 (all data) 0.0528
wR2 (all data) 0.1045
Flack parameter 0.03(11)
Weighting scheme w−1=σ2 F2o + (0.0550 P)2;
P = (F2o + 2 F
2
c)/3
GooF 1.093
Residual electron density -0.34/0.36
(min./max.) / e−⋅A˚−3
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Table 8.2: Refined atomic coordinates, Wyckoff symbols and isotropic dis-
placement parameters Ueq / A˚
2 in K5[B(SO4)4]; standard deviations in brack-
ets
Atom
Wyckoff
symbol
x y z Ueq
K1 4a 0.7550(3) 0.0474(3) 0.25636(14) 0.047(6)
K2 4a 0.8543(3) −0.3272(3) 0.08225(17) 0.0479(6)
K3 4a 0.5842(2) 0.3492(2) 0.04888(14) 0.0388(6)
K4 4a 1.1702(2) −0.0920(2) 0.10501(14) 0.0383(5)
K5 4a 0.2437(2) −0.4964(2) 0.14896(13) 0.0385(5)
B1 4a 0.5157(12) −0.0071(10) 0.0809(7) 0.027(2)
S1 4a 0.7775(3) 0.0143(2) 0.03988(15) 0.0313(5)
S2 4a 0.4895(2) −0.2704(2) 0.11574(15) 0.0306(5)
S3 4a 0.3949(3) 0.1576(3) 0.19629(14) 0.0344(6)
S4 4a 0.8997(3) 0.3801(2) 0.19499(14) 0.0292(5)
Obr1 4a 0.6575(7) 0.0117(7) 0.1030(4) 0.0302(14)
Obr2 4a 0.4827(7) −0.1464(6) 0.0555(4) 0.0274(14)
Obr3 4a 0.4303(7) 0.0228(7) 0.1530(4) 0.0304(15)
Obr4 4a 0.9134(7) 0.4908(7) 0.2619(4) 0.0323(15)
Oterm1 4a 0.7495(9) −0.0849(10) −0.0227(5) 0.063(3)
Oterm2 4a 0.8934(8) −0.0201(9) 0.0889(5) 0.055(2)
Oterm3 4a 0.7839(8) 0.1485(8) 0.0092(5) 0.051(2)
Oterm4 4a 0.4789(9) −0.3846(8) 0.0608(5) 0.050(2)
Oterm5 4a 0.6166(8) −0.2662(10) 0.1591(6) 0.067(3)
Oterm6 4a 0.3731(7) −0.2601(7) 0.1699(4) 0.0397(17)
Oterm7 4a 0.3374(13) 0.2455(10) 0.1388(5) 0.091(4)
Oterm8 4a 0.3114(9) 0.1177(8) 0.2635(5) 0.055(2)
Oterm9 4a 0.5225(9) 0.2092(11) 0.2268(6) 0.079(3)
Oterm10 4a 0.9353(9) 0.2527(7) 0.2306(5) 0.050(2)
Oterm11 4a 0.7595(7) 0.3922(9) 0.1725(4) 0.051(2)
Oterm12 4a 0.9878(9) 0.4194(8) 0.1288(4) 0.051(2)
Obr = bridging oxygen atom; Oterm = terminal oxygen atom;
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Table 8.3: Anisotropic displacement parameters Uij / A˚
2 in K5[B(SO4)4];
standard deviations in brackets
Atom U11 U22 U33 U12 U13 U23
K1 0.0406(13) 0.0635(17) 0.0385(12) 0.0055(13) 0.0013(11) −0.0016(12)
K2 0.0487(15) 0.0421(15) 0.0529(13) 0.0081(12) 0.0035(12) 0.0024(12)
K3 0.0392(14) 0.0361(13) 0.0413(12) −0.0045(10) 0.0008(10) −0.0021(9)
K4 0.0350(12) 0.0395(13) 0.0404(11) 0.0071(11) −0.0002(10) −0.0042(10)
K5 0.0374(13) 0.0409(14) 0.0371(11) 0.0032(10) 0.0000(10) −0.0062(10)
B1 0.037(6) 0.015(5) 0.029(4) 0.000(4) −0.009(5) −0.007(4)
S1 0.0282(12) 0.0301(14) 0.0358(13) −0.0006(11) 0.0039(10) 0.0012(9)
S2 0.0261(12) 0.0304(13) 0.0352(13) 0.0086(11) 0.0016(10) −0.0012(10)
S3 0.0457(15) 0.0284(12) 0.0291(11) −0.0002(10) 0.0061(11) 0.0032(12)
S4 0.0293(12) 0.0310(12) 0.0273(10) −0.0018(10) −0.0015(10) −0.0012(10)
Obr1 0.026(3) 0.037(4) 0.028(3) −0.005(3) −0.002(3) −0.002(3)
Obr2 0.032(4) 0.022(3) 0.028(3) 0.006(3) −0.004(3) −0.004(3)
Obr3 0.028(4) 0.028(3) 0.035(4) −0.002(3) 0.008(3) 0.003(3)
Obr4 0.033(4) 0.033(4) 0.031(3) −0.012(3) −0.011(3) 0.007(3)
Oterm1 0.048(5) 0.076(7) 0.066(5) −0.047(5) 0.021(4) −0.015(5)
Oterm2 0.025(4) 0.075(6) 0.067(5) 0.024(5) −0.005(4) 0.012(4)
Oterm3 0.050(5) 0.042(5) 0.060(5) 0.024(4) 0.017(4) 0.002(3)
Oterm4 0.077(6) 0.022(4) 0.051(4) −0.006(3) 0.014(4) 0.002(4)
Oterm5 0.037(4) 0.085(7) 0.079(6) 0.044(6) −0.034(4) −0.014(5)
Oterm6 0.047(4) 0.028(4) 0.043(4) 0.003(3) 0.017(3) −0.004(3)
Oterm7 0.156(10) 0.074(6) 0.042(4) 0.016(4) 0.019(5) 0.079(7)
Oterm8 0.066(6) 0.045(4) 0.054(5) 0.008(4) 0.038(4) 0.004(4)
Oterm9 0.049(5) 0.092(7) 0.095(7) −0.050(6) 0.019(5) −0.026(5)
Oterm10 0.082(6) 0.018(4) 0.050(4) 0.000(3) −0.017(4) 0.004(4)
Oterm11 0.019(3) 0.077(6) 0.058(5) −0.019(4) −0.005(3) 0.003(4)
Oterm12 0.054(5) 0.065(5) 0.033(4) −0.005(4) 0.017(4) −0.020(4)
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Table 8.4: Selected interatomic distances / A˚ and angles / ° in K5[B(SO4)4];
standard deviations in brackets
B–Obr 1.462(14)–1.477(13)
S–Obr 1.548(7)–1.571(7)
S–Oterm 1.397(8)–1.453(8)
K–O 2.674(8)–3.533(2)
B–Obr–S 123.3(7)–134.8(7)
Obr–B–Obr 105.5(9)–113.6(7)
O–S–O 101.7(4)–116.5(6)
8.4 Crystal Structure Description
K5[B(SO4)4] crystallises in a new structure type in the tetragonal space group P41
with four formula units per unit cell. All atoms are located on the general Wyckoff
position 4a. The anionic partial structure of K5[B(SO4)4] consists of novel, large non-
condensed 0∞[B(SΦ4)4]5− (Φ = O) anions, which form tetrahedral units (Figure 8.2).
The central boron atoms adopt an only slightly distorted body-centered packing
(Figure 8.3).
200 8 The First Borosulphate K5[B(SO4)4]
Figure 8.2: Unit cell of K5[B(SO4)4]; sulphate tetrahedra yellow, borate tetra-
hedra turquoise, sodium grey.
Figure 8.3: Distorted bcc structure of boron atoms.
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Adopting the classification of borophosphates, which was overtaken analogously from
silicate and borate chemistry, K5[B(SO4)4] exhibits a FBU as oB pentamer with the
descriptor 5◻:[◻]◻|◻|◻|◻| [13, 82, 83, 113]. The central borate tetrahedron shares
all four corners with neighbouring sulphate tetrahedra (Figure 8.4).
Figure 8.4: OB pentamer as FBU in K5[B(SO4)4]; sulphate tetrahedra yellow,
borate tetrahedron turquoise.
In borophosphates no P–O–P linking has been observed yet, which appears analo-
gously to alumosilicates according to Loewenstein’s rule [118]. In contrast, in boro-
sulphates S–O–S connections could be observed exhibiting disulphate groups in iso-
lated monoanions [B(S2O7)2]−, e.g. in A[B(S2O7)2] (A= Li [136], Na, K [135]). The
oB pentamer [B(SO4)4]5− comprises a B:S ratio of 1:4. Up to now K5[B(SO4)4] is
besides the recently discovered Na5[B(SO4)4], which crystallises in two similar modi-
fications, the only representative of a borosulphate with an oB pentamer as FBU
[136].
In borophosphate chemistry few compounds are known with a B:P ratio of 1:4
[274–277]. Besides the borophosphate units either an additional phosphate group
is present or heteropolyoxoclusters are arranged around spacious organic molecule
cations. In contrast to borophosphates, which can be synthesised either hydrother-
mally or by solid-state reactions, the preparation of borosulphates, depending on
the desired composition, can be followed by the solid-state synthesis route [13].
B–Obr bond lengths range between 1.46 and 1.48 A˚ whereas S–Obr bond lengths lie
between 1.55 and 1.57 A˚ and S–Oterm range between 1.40 and 1.45 A˚. Those values
are typical for B–O and S–O bonds and were also observed in borates and sulphates,
respectively [131, 148, 199, 278, 279]. The difference of bond lengths between sul-
phur and bridging and terminal oxygen atoms, respectively, could be also observed
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in accordance with borophosphates, where bonds from phosphorus to bridging oxy-
gen atoms are significantly longer compared to those to the terminal oxygen atoms
[122]. Even in condensed sulphates, such as A[Au(S2O7)2] (A= Li, Na), this ten-
dency could be observed [131]. B–Obr–S angles range between 123 and 135 °, whereas
Obr–B–Obr and O–S–O angles lie between 106–114° (Ø = 110°) and 102–117°
(Ø = 109°), respectively. Selected bond lengths and angles of K5[B(SO4)4] are listed
in Table 8.4.
The deviation of tetrahedra from ideal symmetry was calculated using the method
of Balic´-Zˇunic´ and Makovicky [35, 36]. The five crystallographically different borate
and sulphate tetrahedra in K5[B(SO4)4] feature the values −0.38 % (B1), −0.08 %
(S1), −0.15 % (S2), −0.12 % (S3) and −0.22 % (S4), which are well below 1 % and thus
can be classified as regular. The chiral super-tetrahedron BS4 exhibits a deviation
from ideal symmetry of -4.04 % [140].
The single-crystal structure analysis reveals five sites of K+ ions which are coordi-
nated quite heterogeneously either by seven, nine or eleven oxygen atoms (Figure
8.5). The K–O bond lengths range between 2.67 and 3.53 A˚ (Table 8.4). These
values agree very well with the sum of the ionic radii of K+ and O2−, which are 2.86
(CN = 7), 2.95 A˚ (CN = 9) and 3.04 A˚ (CN = 11), respectively [60]. These coordina-
tion numbers were also confirmed by MAPLE calculations (Chapter 8.5).
Figure 8.5: Coordination sphere of the five crystallographically different potas-
sium atoms in K5[B(SO4)4].
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8.5 Electrostatic Calculations
The coordination numbers of potassium (Table 12.11) and the electrostatic con-
sistency of the structure model were proved by calculations based on the MAPLE
concept [32, 33, 152]. The sum of MAPLE values of chemically similar compounds
should deviate by less than 1 % from the MAPLE value of the compound of interest.
K5[B(SO4)4] thus shows electrostatic consistency, as presented in Table 8.5.
Table 8.5: MAPLE calculations for K5[B(SO4)4] [32, 33, 152]
K5[B(SO4)4] 2 K2S2O7 [280] + 0.5 K2O [281] + 0.5 B2O3 [154]
MAPLE = 140112 kJ⋅mol−1 MAPLE = 138974 kJ⋅mol−1
∆ = 0.8 %
8.6 Spectroscopic Properties
8.6.1 IR Spectroscopy
The infrared spectrum of K5[B(SO4)4] was recorded between 4000 and 400 cm−1.
Typical bands are present in the section between 1300 and 400 cm, which is shown
in Figure 8.6. The positions of the bands and the corresponding assignments are
given in Table 8.6.
Figure 8.6: Infrared spectrum of K5[B(SO4)4].
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Table 8.6: Position / cm−1 and assignment of the IR bands in K5[B(SO4)4]
Position Assignment
1196 νas(SO) [282, 283]
1055, 1024, 947 νas(BO) [156, 194]
916, 862, 839, 767, 716 νs(BO) [156, 194]
640 δas(SO) [282–284]
579 δ(BO) [156]
482, 467, 447, 420 δs(SO) [282, 283]
Between 1300 and 400 cm−1 the characteristic bands of the tetrahedral BO4 and SO4
groups are located [156, 283]. With exception of two bands at 3209 and 1412 cm−1,
which can be assigned to the stretching and deformation vibrations of the OH groups
of the adsorbed water due to the hygroscopicity of the compound, the spectrum
between 4000 and 1300 cm−1 does not show any considerable vibration bands [194].
The very strong band at 1196 cm−1 can be assigned to the νas(SO) vibrations of the
SO4 tetrahedra [282, 283]. Between 930 and 1090 cm−1 the characteristic bands of
the νas(BO) vibrations are located, whereas between 660 and 920 cm−1 the νs(BO)
vibrations can be found [156, 194]. The asymmetric SO4 bending modes appear at
640 cm−1 [282–284] and the BO4 bending modes can be assigned to the strong band
at 579 cm−1 [156]. Between 400 and 500 cm−1 the symmetric SO4 bending modes are
located [282, 283]. Additionally, Ho¨ppe et al. performed a structural and vibrational
study of K5[B(SO4)4] based on quantum chemical calculations. The assignment of
the observed bands in the IR spectrum revealed a good correlation compared to the
calculated values, exhibiting deviations of less than 50 cm−1 [285].
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8.6.2 UV-Vis Spectroscopy
The UV–Vis reflection spectrum of K5[B(SO4)4] was recorded between 200–800 nm
(Figure 8.7) and shows nearly total reflection between 390–800 nm. At 230 and
299 nm two ligand-to-metal charge transfer bands can be observed. The [B(SO4)4]5−
anion reveals a weak nephelauxetic effect due to the highly polarised and thus elec-
tronegative S6+ ion. Hence, the charge transfer band at lower energy can be assigned
to the sulphate group, whereas the charge transfer of the borate group appears at
higher energy. The calculation of the optical electronegativity by Klixbu¨ll Jørgensen
[286] leads to values of χ(S) = 2.33 for sulphur and χ(B) = 1.99 for boron, which are
very close to the electronegativity values of Pauling (χ(S) = 2.58, χ(B) = 2.04) [287].
Figure 8.7: UV–Vis spectrum of K5[B(SO4)4].
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8.7 Thermal Analysis
The thermal behaviour of K5[B(SO4)4] was investigated between room temperature
and 1400 °C (Figure 8.8). The thermogravimetric curve reveals several undefined
steps with a total mass loss of 59.7 wt% in the temperature range between 150 and
1300 °C. Assuming that along with 0.5 moles of B2O3, 1.5 moles of K2O and 2 moles
of SO3 evaporate (theor. mass loss: 56.3 wt%) a composition of K2S2O7 might be
expected (Equation 8.2). Further heating leads to a subsequent mass loss, which is
likely due to further evaporation of SO3. After the thermal treatment the product
was glazed and the expected composition could not be confirmed via X-ray powder
diffraction.
Figure 8.8: Thermogravimetric analysis of K5[B(SO4)4].
K5[B(SO4)4]
∆Ð→
N2
0.5B2O3 + 1.5K2O + 2SO3 +K2S2O7 (8.2)
In comparison to the very similar compound Na5[B(SO4)4]-I [136], which also reveals
isolated [B(SO4)4]5− units but crystallises in the orthorhombic space group Pca21,
K5[B(SO4)4] exhibits a higher thermal stability. Na5[B(SO4)4]-I releases besides
1.5 moles of SO3 0.5 moles of B2O3 in the temperature range between 430–700 °C. In
K5[B(SO4)4] this process stretches out until 1300 °C.
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8.8 Discussion
K5[B(SO4)4] was synthesised phase-pure comprising a new structure type and a new
compound class. The crystal structure was determined and refined via single-crystal
structure analysis and by applying a twin law (0 1 0 1 0 0 0 0 1¯; BASF = 0.373(3).
Analogously to borophosphates, 0∞[B(SΦ4)4]5− (Φ = O) anions represent the FBU
as an oB pentamer 5◻:[◻]◻|◻|◻|◻| exhibiting a B:S ratio of 1:4. Via MAPLE cal-
culations the electrostatic consistency of the structure model could be proofed. All
observed bands in the IR spectrum could be assigned to the corresponding groups.
The optical properties of K5[B(SO4)4] show two ligand-to-metal charge transfer
bands at 230 and 299 nm. According to the different nephelauxetic effects of the
involved groups, the bands can be assigned to the borate and sulphate groups, re-
spectively. Due to the chiral structure without inversion symmetry, K5[B(SO4)4]
is a suited host structure for doping with lanthanides. Furthermore, the relatively
high electronegativity of sulphur leads to a weak coordination of the cation and
thus to a weak nephelauxetic effect to shift the luminescence properties into the
blue region of the visible spectrum. Additionally, it shows a higher thermal stabil-
ity than Na5[B(SO4)4]-I [136], whose decomposition proceeds until 700 °C, although
both compounds possess the same FBU and very similar crystal structures.

9 General Discussion
9.1 Experience of Synthesis
For the synthesis of the compounds introduced in this work several synthesis routes
have been carried out. Besides the hydrated borate Cs2[B10O14(OH)4]⋅H2O and the
phosphates (Ln[H(PO3)4] (Ln = Tb, Dy, Ho)), all borophosphates and the borosul-
phate were synthesised under mild conditions at relatively low temperatures between
180 and 380 °C. Both Cs2[B10O14(OH)4]⋅H2O and the borophosphates were synthe-
sised in 10 ml teflon autoclaves, which were kept at 195 and 180 °C, respectively, for
seven to eight days. This synthesis route was time-consuming but inevitable. Due to
reaction temperatures below 200 °C and the presence of predominantly solid start-
ing materials diffusion takes place quite slowly. Reducing the reaction time revealed
mixtures of starting materials and side products. The long duration of the reaction
time is justified by the relatively high crystallinity of the products in general, which
strongly facilitates the analysis of the single-crystal structure.
Ln[H(PO3)4] (Ln = Tb, Dy, Ho) were synthesised in a solid state reaction in a silica
glass crucible at 380 °C for four hours. The loss of the single proton in Ln[H(PO3)4]
(Ln = Tb, Dy) was prevented by covering the reaction mixture with H2O2, whereas
addition of H2O2 for the synthesis of Ho[H(PO3)4] exhibited Ho(PO3)3 as side phase.
Elevating the synthesis temperature to 400 °C or reducing it to 350 °C had the same
effect on all phosphates and lead to Ln(PO3)3 (Ln = Tb, Dy, Ho). A controlled
crystallisation could not be achieved yet. Besides Dy[H(PO3)4], which crystallised
as polycrystalline powder, Tb[H(PO3)4] faced the problem of non-merohedral twin
formation. Instead of switching off the furnace a long taking cooling process with
cooling rates of 2 °C/h was carried out. However, besides the desired Ln[H(PO3)4]
also Ln(PO3)3 was formed as side phase.
In contrast, the non-protonated highly crystalline Sr3P4O13 was synthesised in an
alumina boat at a way higher temperature at 950 °C for several days. Shorter re-
action times and a slightly reduced temperature lead to the formation of a poly-
crystalline powder. The synthesis of Sr3P4O13:Eu2+ in forming gas at 850 °C either
lead to the formation of Sr3P4O13:Eu2+/Eu3+ due to incomplete reduction, or to
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Sr3P4O13:Eu2+/Sr2P2O7:Eu2+ after a longer reaction time, due to the formation of
Sr2P2O7 as side phase. The difficulty was to prevent the sample from loosing P2O5
in the forming gas flow, which is nevertheless favoured in a reducing atmosphere.
This could be shown very clearly by a thermal analysis in forming gas and synthetic
air (Figure 9.1). In a reducing atmosphere mass loss already occurs way below the
synthesis temperature of 850 °C.
Figure 9.1: Thermogravimetric analysis of β-Sr(PO3)2 in synthetic air (black)
and forming gas (red) between 50 and 925 °C with a heating rate of
20 °C⋅min−1.
Although K5[B(SO4)4] does not exhibit protons the synthesis temperature of 375 °C
was still quite low considering solid state reactions. H3BO3 as one reaction partner
has to be treated carefully due to fast evaporation processes at higher temperatures
or rapid heating rates. Thus, heating and cooling processes did not exceed 30 and
20 °C/h, respectively, which also had a positive effect on the crystallinity of the
sample. Experiments showed that KHSO4 as starting material instead of K2S2O7
did not possess enough reactivity and mixtures of hydrated potassium sulphates and
B2O3 resulted.
In general, solids served as starting materials, which were ground very carefully to
obtain a better homogenisation and smaller particles. H3BO3 was used in particular
for borates, borophosphates and borosulphates. Both for solid state and hydrother-
mal reactions it possesses a well suitable reaction behaviour due to the release of
water at higher temperatures. Especially in hydrothermal reaction processes small
amounts of water originating from crystal water or evaporation favour reactions be-
tween solids by serving as solvent and by increasing the pressure in the reaction
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vessel. Furthermore, water soluble starting materials, e.g. MnCl2 and (NH4)2HPO4,
lead to phase pure products by dissolving in the moist reaction mixture.
For doping with Eu2+/3+, Ce3+ and Tb3+, Eu2O3, Eu(NO3)3⋅5H2O, Ce(NO3)3⋅6H2O
and Tb(NO3)3⋅5H2O were used. Doping levels were between 3.4 and 30 % with
regard to the metal content in the starting material. A forming gas flow (90 %
N2/10 % H2) served to reduce Eu3+ to Eu2+ in the reaction mixture.
9.2 Luminescent Materials and Optical Properties
Both Eu3+ and Tb3+ play an important role in red and green emitting luminescent
materials [3, 4, 49]. Its characteristic f–f transitions are independent on the chemi-
cal surrounding [53, 64]. Nevertheless, at higher energies both LMCT and f–d
transitions occur, which allow to draw conclusions on the chemical surrounding by
means of their energetic position [288] (Figure 9.2).
Figure 9.2: Schematic representation of the f–d ligand field splitting in depen-
dence on the ligand strength.
9.2.1 LMCT of Eu3+
Figure 9.3 shows the LMCT (Ligand-to-M etal-C harge-T ransfer) of Eu3+ in
Cs2[B10O14(OH)4]⋅H2O:Eu3+ (black), (NH4)2[B2P3O11(OH)]:Eu3+ (red),
Sr3P4O13:Eu3+ (green) and Dy[H(PO3)4]:Eu3+ (blue), which are summarised in Table
9.1.
Surprisingly, the excitation wavelengths of the two phosphates, Sr3P4O13:Eu3+ and
Dy[H(PO3)4]:Eu3+, occur furthermost from each other, although both compounds
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possess an anionic phosphate structure. Nevertheless, besides a varying coordina-
tion number also the distances between the central atom and the ligands differ.
Sr3P4O13:Eu3+ exhibits larger distances between Sr and O (2.50–2.81A˚), whereas
distances d(Dy–O) in Dy[H(PO3)4]:Eu3+ lie between 2.24–2.47 A˚. Hence, due to a
stronger coordination in Dy[H(PO3)4]:Eu3+ a stronger ligand field splitting and thus
an excitation at lower energy occurs.
The excitation wavelengths of Sr3P4O13:Eu3+ and Cs2[B10O14(OH)4]⋅H2O:Eu3+ lie
very closely at 264 and 266 nm, respectively. Due to the lower electronegativity of
boron and the stronger nephelauxetic effect compared to phosphorus, the coordi-
nation sphere in borates reveals a more covalent character than in phosphates. In
Cs2[B10O14(OH)4]⋅H2O:Eu3+ ten and fourteen ligands are coordinating to the central
atom, whereas in Sr3P4O13:Eu3+ only eight and nine are present. Hence, the coordi-
nation distances in Cs2[B10O14(OH)4]⋅H2O:Eu3+ are larger, than in Sr3P4O13:Eu3+,
which compensates the covalent character of the coordination sphere, and the chemi-
cal surrounding of both compounds leads to a very similar influence on the ligand
field splitting.
Figure 9.3: Comparison of the LMCT of Eu3+ in Cs2[B10O14(OH)4]⋅H2O:Eu3+
(black), (NH4)2[B2P3O11(OH)]:Eu
3+ (red), Sr3P4O13:Eu3+ (green) and
Dy[H(PO3)4]:Eu
3+ (blue).
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Table 9.1: Comparison of the excitation wavelength λexc of the LMCT of Eu
3+
doped compounds
Compound λexc / nm CN Distance CA–O / A˚
Sr3P4O13:Eu3+ 264 8/10 2.50–2.81
Cs2[B10O14(OH)4]⋅H2O:Eu3+ 266 10/14 2.80–4.00
(NH4)2[B2P3O11(OH)]:Eu3+ 270 7/8 2.77–3.30
Dy[H(PO3)4]:Eu3+ 299 7 2.24–2.47
CN = Coordination Number, CA = Central Atom
In (NH4)2[B2P3O11(OH)]:Eu3+ the excitation wavelength occurs at 270 nm, which
lies in close neighbourhood to Sr3P4O13:Eu3+ and Cs2[B10O14(OH)4]⋅H2O:Eu3+. Ac-
cording to single-crystal data distances between nitrogen and oxygen atoms are rela-
tively large (2.77–3.30 A˚) due to the presence of the hydrogen atoms of the ammo-
nia ions (rNH+4 = 1.43 A˚[243], rEu3+ = 1.07 A˚[60]). In Chapter 7.2.6.3 the fluorescence
spectrum of (NH4)2[B2P3O11(OH)]:Eu3+ was discussed. Due to the similar intensity
of the 5D0→7F1 and 5D0→7F2 transition the occupation of more narrow interstitial
sites close to centrosymmetry was presumed. Hence, the Eu–O distance should de-
crease and the coordination becomes more covalent, which leads to a lower transition
energy compared to Sr3P4O13:Eu3+ and Cs2[B10O14(OH)4]⋅H2O:Eu3+. Liang et al.
investigated the luminescent properties of CaBPO5:Eu3+ [126] and BaBPO5:Eu3+
[289]. The non-protonated borophosphates show a LMCT at about 246 nm and
264 nm, respectively. The transition wavelengths are at a slightly higher energy
compared to (NH4)2[B2P3O11(OH)]:Eu3+. In AEBPO5:Eu3+ (AE=Ca, Ba) Eu3+
presumably occupies the unique AE2+ site, which is coordinated irregularly by ten
oxygen atoms. Thus, the coordination distances are relatively large and the coordi-
nation becomes weaker. As a consequence the LMCT occurs at a lower wavelength.
9.2.2 FWHM of LMCTs of Eu3+
Due to the overlap of LMCT and f–f transition in Dy[H(PO3)4]:Eu3+ an exact
FWHM (F ull W idth at H alf M aximum) can not be determined (Figure 9.3).
Nevertheless, a trend can be noticed. Cs2[B10O14(OH)4]⋅H2O:Eu3+ and
(NH4)2[B2P3O11(OH)]:Eu3+ show a very similar peak width of the LMCT. According
to the single-crystal data both compounds reveal two crystallographic cation sites,
which are partially occupied by Eu3+. Various metal sites lead to a band broadening.
However, for (NH4)2[B2P3O11(OH)]:Eu3+ indications justify the assumption that
Eu3+ occupies sites close to centrosymmetry, but it is not yet known whether it oc-
cupies one or more crystallographic sites. The LMCT of Cs2[B10O14(OH)4]⋅H2O:Eu3+
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is slightly broader compared to Sr3P4O13:Eu3+. Sr3P4O13:Eu3+ also possesses two dif-
ferent cation sites. As stated above, the coordination sphere of
Cs2[B10O14(OH)4]⋅H2O:Eu3+ shows more covalent character due to a stronger nephe-
lauxetic effect. This is accompanied with a stronger interaction between the ex-
cited state and the lattice, which results in a broader transition. The LMCT
of Dy[H(PO3)4]:Eu3+ is rather half as broad compared to the other transitions.
Dy[H(PO3)4]:Eu3+ comprises one unique site of Dy3+, which is partially occupied
by Eu3+ and thus a more narrow band can be observed.
9.2.3 f–d Transitions of Tb3+
Figure 9.4 shows the f–d transitions of Tb3+ in Tb[H(PO3)4] and
(NH4)2[B2P3O11(OH)]:Tb3+, which are summarised in Table 9.2.
Figure 9.4: Comparison of the f–d transition of Tb3+ in Tb[H(PO3)4] (black)
and (NH4)2[B2P3O11(OH)]:Tb
3+ (red).
Both f–d transitions lie relatively close to each other at 252 and 266 nm for
Tb[H(PO3)4] and (NH4)2[B2P3O11(OH)]:Tb3+, respectively. As mentioned in Chap-
ter 9.2.1 distances d(N–O) lie between 2.77 and 3.30 nm and thus are relatively
large compared to the distances in Tb[H(PO3)4] (2.28–2.45 A˚). As a consequence
a weaker coordination and a blue shift is expected. However, the opposite occurs.
Taking into consideration that in (NH4)2[B2P3O11(OH)]:Eu3+ an occupation of in-
terstitial sites close to centrosymmetry of Eu3+ ions is presumed, one may expect the
same phenomenon for (NH4)2[B2P3O11(OH)]:Tb3+ due to the similar ionic radii of
the lanthanide ions (rEu3+ = 1.07 A˚, rTb3+ = 1.04 A˚) [60]. Borophosphates in contrast
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to phosphates exhibit a slightly stronger nephelauxetic effect due to the presence of
condensed borate tetrahedra in the structure. Both arguments support the presence
of a stronger coordination sphere of Tb3+, which leads to a red shift in the spectrum.
Table 9.2: Comparison of the excitation wavelength λexc of the f–d transition
of Tb3+ containing compounds
Compound λexc / nm CN Distance CA–O / A˚
Tb[H(PO3)4] 252 7 2.28–2.45
(NH4)2[B2P3O11(OH)]:Tb3+ 266 7/8 2.77–3.30
CN = Coordination Number, CA = Central Atom
9.2.4 FWHM of f–d Transitions of Tb3+
The peak width of (NH4)2[B2P3O11(OH)]:Tb3+ is about half as broad compared to
Tb[H(PO3)4] (Figure 9.4). Due to only one unique site of Tb3+ in Tb[H(PO3)4] the
opposite is expected. Provided that Tb3+ partially occupies one unique interstitial
site in (NH4)2[B2P3O11(OH)]:Tb3+ a more narrow f–d transition should be observed.
9.3 Structural Properties
9.3.1 Fundamental Building Units
Compounds revealing mixed valent anionic structures, e.g. borophosphates and
borosulphates, were named according to the nomenclature suggested by Ewald and
Kniep [13]. The structural classification of the borophosphates and borosulphates
was performed by registering the B:P ratios, the FBU and the corresponding dimen-
sionality of the structures.
9.3.1.1 FBUs in Borophosphates
(NH4)2Mn(II)[B2P3O11(OH)2]Cl comprises a B:P ratio of 2:3 and an O:OH ratio
of 11:2. The FBU as a vierer-single ring 5◻:<4◻>◻ has been observed for the first
time (Figure 9.5 right), which builds up a lB vierer-single layer. Up to now for
borophosphates with a B:P ratio of 2:3 exclusively oB dreier-single rings 5◻:◻<3◻>◻
and olB dreier-single rings 5◻:<3◻>=<3◻>◻ have been known as FBU (Figure 9.5
left and middle).
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Figure 9.5: FBUs of borophosphates with a B:P ratio of 2:3; phosphate tetra-
hedra blue, borate tetrahedra turquoise, hydrogen white.
Protonated borophosphates with a B:P ratio of 2:3 either possess an O:OH ratio
of 12:1 or 11:2 and can be divided into layer (Figure 9.6) and chain (Figure 9.7)
borophosphates. Figure 9.6 shows that (NH4)2Mn(II)[B2P3O11(OH)2]Cl is the first
representative, which crystallises in a layer structure and exhibits an O:OH ratio of
11:2 at the same time.
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Figure 9.6: Overview of layered borophosphate compounds with an O:OH ratio
of 12:1 or 11:2 [124, 224, 225]; phosphate tetrahedra blue, borate tetrahedra
turquoise, hydrogen white.
218 9 General Discussion
Figure 9.7: Overview of chain structure borophosphate compounds with an
O:OH ratio of 12:1 or 11:2 [144, 226, 227]; phosphate tetrahedra blue, borate
tetrahedra turquoise, hydrogen white.
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(NH4)2[B2P3O11(OH)] has the same FBU as (NH4)2Mn(II)[B2P3O11(OH)2]Cl. Be-
sides a lower protonation degree (Figure 9.8) the connection pattern changes as
well (Figure 9.9). The hydroxyl group of the borate tetrahedron looses its protona-
tion in favour of a further connection to a phosphate tetrahedron and thus a larger
condensation degree in (NH4)2[B2P3O11(OH)].
Figure 9.8: OB vierer-single rings as FBUs of (NH4)2Mn(II)[B2P3O11(OH)2]Cl
(left) and (NH4)2[B2P3O11(OH)] (right); phosphate tetrahedra blue, borate
tetrahedra turquoise, hydrogen white.
Figure 9.9: Layer structure of (NH4)2Mn(II)[B2P3O11(OH)2]Cl (left) and
(NH4)2[B2P3O11(OH)] (right); phosphate tetrahedra blue, borate tetrahedra
turquoise, hydrogen white.
In contrast to (NH4)2Mn(II)[B2P3O11(OH)2]Cl, (NH4)2[B2P3O11(OH)] represents
the first borophosphate with a B:P ratio of 2:3 and an O:OH ratio of 11:1. Up to
now borophosphates in this class always revealed a total number of thirteen oxygen
atoms including zero, one or two hydroxyl groups [13]. Instead of forming perpen-
dicular intra-layer loops as in (NH4)2Mn(II)[B2P3O11(OH)2]Cl (Figures 9.9 left and
9.10), (NH4)2[B2P3O11(OH)] forms layers of FBUs arranged in sequence (Figure 9.9
right).
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Figure 9.10: Perpendicular intra-layer loops of two FBUs facing each other in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl; phosphate tetrahedra blue, borate tetrahe-
dra turquoise, hydrogen white.
(NH4)2[B2P3O11(OH)] possesses a strongly corrugated structure as
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (Figure 9.11). Although (NH4)2[B2P3O11(OH)]
hosts exclusively NH+4 ions, the borophosphate layers have the same distance as in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (˜8 A˚), but exhibit a phase shift of a half repetition
period.
Figure 9.11: Comparison of the corrugated layer structure of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (left) and (NH4)2[B2P3O11(OH)] (right);
phosphate tetrahedra blue, borate tetrahedra turquoise, chlorine green,
manganese grey, nitrogen violet, hydrogen white.
9.3.1.2 FBUs in Borosulphates
K5[B(SO4)4] is the first representative of the borosulphate family. In analogy to
borophosphates nomenclature was adopted from Ewald and Kniep [13]. The FBU
as oB pentamer 5◻:[◻]◻|◻|◻|◻| (Figure 9.12) represents the oligomeric anionic partial
structure.
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Figure 9.12: OB pentamer as FBU of K5[B(SO4)4]; borate tetrahedron
turquoise, sulphate tetrahedra yellow.
The B:S ratio is 1:4, hence the central borate tetrahedron is completely surrounded
by sulphate tetrahedra and no further connections are observed. In contrast to
borophosphates, borosulphates with a B:S ratio of 1:4 already exhibit a large variety
in composition revealing besides the oB pentamer a lB dreier-single ring as FBU
(Figure 9.13). Compounds are summarised in Table 9.3.
Figure 9.13: LB dreier-single ring as FBU of AI [B(S2O7)2] (A
I = Li [136], Na,
K, NH4 [137]); borate tetrahedron turquoise, sulphate tetrahedra yellow.
Up to now K4[HB(SO4)4][140] is the only protonated borosulphate representative.
In borophosphate chemistry a single protonated compound with a B:P ratio of 1:4
is known. (C3N2H5)8[Mo12B2P8O59(OH)3]⋅4H2O [277] consists of heteropolyoxoclus-
ters with two protonated borophosphate pentamers. The other known structure is
M II6 [BP4O16][PO4] (M
II = Sr [276], Pb [274, 275]), which possesses besides the oB
pentamer isolated PO4 tetrahedra.
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Table 9.3: Borosulphates with a B:S ratio of 1:4 and assignement of the FBU
Compound FBU
K5[B(SO4)4] oB pentamer
Li5[B(SO4)4] [137] oB pentamer
I-Na5[B(SO4)4] [136] oB pentamer
II-Na5[B(SO4)4] [136] oB pentamer
K4[HB(SO4)4] [140] oB pentamer
Li[B(S2O7)2] [136] lB dreier-single ring
Na[B(S2O7)2] [137] lB dreier-single ring
K[B(S2O7)2] [137] lB dreier-single ring
NH+4 [B(S2O7)2] [137] lB dreier-single ring
9.3.2 Thermal Stability
It is well known that compounds with condensed structures show a higher thermal
stability and thus may be well suited as host structures for luminescent materials.
Nevertheless, one may not neglect other considerations, e.g. the arrangement of the
structural units and the formation of possible decomposition products.
9.3.2.1 Thermal Stability of Chain Structures
The thermal stability of Cs2[B10O14(OH)4]⋅H2O (black), Tb[H(PO3)4] (red) and
NH4Cr(III)[BP2O8(OH)] (blue) exhibiting an equal condensation degree (infinite
chains) is shown in Figure 9.14.
Cs2[B10O14(OH)4]⋅H2O possesses the lowest thermal stability with an onset tempera-
ture of 240 °C. The behaviour of Tb[H(PO3)4] and NH4Cr(III)[BP2O8(OH)] seems
to be relatively similar with a stability up to 500 and 430 °C. A closer look on the
different chains, which are present in all three structures (Figure 9.15), shows, that
Tb[H(PO3)4] is the only representative with a helical chain. Cs2[B10O14(OH)4]⋅H2O
reveals zig-zag chains, which are arranged offset, including perpendicular six-mem-
bered B3O3 rings. NH4Cr(III)[BP2O8(OH)] also comprises zig-zag chains. In con-
trast to Cs2[B10O14(OH)4]⋅H2O, the borophosphate chains are planar with open
branches instead of loops. Both borate tetrahedra in Cs2[B10O14(OH)4]⋅H2O show
a deviation of tetrahedra > 1 %, which is due to the deviation from perpendicular
arrangement of the connected B3O3 rings (torsion angle: 99°).
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Figure 9.14: Comparison of the thermogravimetric analy-
sis of Cs2[B10O14(OH)4]⋅H2O (black), Tb[H(PO3)4] (red) and
NH4Cr(III)[BP2O8(OH)] (blue).
Figure 9.15: Comparison of the chains of Cs2[B10O14(OH)4]⋅H2O (left),
Tb[H(PO3)4] (middle) and NH4Cr(III)[BP2O8(OH)] (right); phosphorous
blue, boron turquoise, oxygen red, hydrogen white.
Furthermore, the torsion angle between the two different B5O9H2 units has a value
of 37°, which results in a non-congruent arrangement (Figure 9.16).
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Figure 9.16: Non-congruent arrangement of the two different B5O9H2 units
in Cs2[B10O14(OH)4]⋅H2O (front: orange bonds, back: blue bonds); boron
turquoise, oxygen red, hydrogen white.
In a congruent, ecliptic arrangement oxygen atoms face each other directly exhibit-
ing a shorter distance. Thus, a stronger repulsion occurs, which leads to a more
stable, non-congruent arrangement. Nevertheless, a certain tension is present in
Cs2[B10O14(OH)4]⋅H2O. By heating up the compound vibrations quickly lead to bond
breaking and H2O is released.
Tb[H(PO3)4] shows a higher thermal stability compared to NH4Cr(III)[BP2O8(OH)].
Decomposition of the latter leads to the formation of NH3, whose vapour pres-
sure is higher compared to H2O and P2O5, which evaporate both when heating up
Tb[H(PO3)4].
9.3.2.2 Thermal Stability of Layered Structures
Both (NH4)2Mn(II)[B2P3O11(OH)2]Cl and (NH4)2[B2P3O11(OH)] possess layered
borophosphate structures and the same FBU. Thus, it does not surprise that their
thermal stability is similar (Figure 9.17).
However, the number of decomposition steps deviates strongly.
(NH4)2Mn(II)[B2P3O11(OH)2]Cl shows a single step of mass loss, whereas
(NH4)2[B2P3O11(OH)] exhibits several steps of mass loss. In both structures the
corrugated borophosphate layers reveal a distance of approx. 8 A˚(Figure 9.11), but
in (NH4)2Mn(II)[B2P3O11(OH)2]Cl additional Mn2+ and Cl− ions are accommodated.
Due to additional attractive interactions between Mn2+, Cl− and the borophosphate
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layer a higher thermal stability is reached. Furthermore, intra-layer loops, which are
exclusively present in (NH4)2Mn(II)[B2P3O11(OH)2]Cl, give more stability to the
structure.
Figure 9.17: Comparison of the thermogravimetric analysis of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (black) and (NH4)2[B2P3O11(OH)] (red).
9.3.3 Deviation of Tetrahedral Symmetry
According to the octet rule, in borates, phosphates and sulphates the maximal num-
ber of oxygen ligands is four due to the maximum of four binding electron pairs
[8, 42] (Table 9.4). The effort of the negatively charged oxygen ligands to arrange
as far away as possible from each other leads to a tetrahedral surrounding (Figure
9.18).
Figure 9.18: Tetrahedral units of BO5−4 , PO3−4 and SO2−4 ; boron turquoise,
phosphorus blue, sulphur yellow, oxygen red.
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Table 9.4: Oxidation states of the central ions in borates, phosphates and
sulphates
Tetrahedral unit BO5−4 PO3−4 SO2−4
Central Ion B3+ P5+ S6+
Oxidation state +III +V +VI
In this work the deviation of tetrahedra was calculated for compounds belonging to
the compound classes of borates, phosphates, borophosphates and borosulphates.
The corresponding values are listed in Table 9.5.
In general, tetrahedra with deviations of less than 1% are classified as regular.
In Cs2[B10O14(OH)4]⋅H2O and NH4Cr(III)[BP2O8(OH)] deviations larger than 1%
occur. In both cases structure data were obtained from Rietveld analysis with
very good residual values. As structure model compounds crystallising isotypically
(Rb[B5O7(OH)2]⋅0.5H2O and NH4V(III)[BP2O8(OH)]) were used, exhibiting devia-
tions of tetrahedra between −0.10 and −0.11% (Rb[B5O7(OH)2]⋅0.5H2O) and −0.15
and −0.32% (NH4V(III)[BP2O8(OH)]), respectively. Thus, all tetrahedra are classi-
fied as regular.
The question arises why the values of Cs2[B10O14(OH)4]⋅H2O and
NH4Cr(III)[BP2O8(OH)] deviate that strongly. In the process of a Rietveld refine-
ment besides global also local parameters, e.g. the position of the atoms, are refined.
Small shifts of the position of the central atom (e.g. B or P) already lead to a dis-
torted tetrahedron, which can rapidly result in larger values of deviation. Although
isotypical structure models used for a Rietveld refinement are already very close
to the investigated structure, one may not neglect the accuracy of values received
by single-crystal structure analysis. Subsequently refining this data via a Rietveld
refinement gives a very good average of the bulk sample.
In contrast, all the other values of structures solved by single-crystal structure analy-
sis reveal values well below 1%. Nevertheless, a certain distribution is apparent,
whereas the sulphate tetrahedra in K5[B(SO4)4] show the smallest spreading width
(∆ = 0.14 %) followed by the phosphate and borate tetrahedra in the borophos-
phates (NH4)2Mn(II)[B2P3O11(OH)2]Cl and (NH4)2[B2P3O11(OH)] (B: ∆ = 0.38 %,
P: ∆ = 0.32 %). The phosphate tetrahedra of the phosphates Ln[H(PO3)4] (Ln= Tb,
Ho) and Sr3P4O13 show the largest scattering (∆ = 0.5 %).
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Table 9.5: Deviation of tetrahedra in borates, phosphates, borophosphates and
borosulphates; data either obtained from single-crystal analysis (A) or Rietveld
refinement (B)
Compound Class Deviation of Tetrahedra / %
Structure Data
obtained from
Borate
Cs2[B10O14(OH)4]⋅H2O B1: -2.10 B
B2: -1.70
Phosphates
Tb[H(PO3)4] P1: -0.32 A
P2: -0.29
P3: -0.22
P4: -0.20
Ho[H(PO3)4] P1: -0.32 A
P2: -0.29
P3: -0.21
P4: -0.21
RT-Sr3P4O13 P1: -0.06 A
P2A: -0.56
P2B: -0.56
Borophosphates
(NH4)2Mn(II)[B2P3O11(OH)2]Cl B1: -0.22 P1: -0.19 A
B2: -0.60 P2: -0.21
P3: -0.46
(NH4)2[B2P3O11(OH)] B1: -0.36 P1: -0.19 A
B2: -0.24 P2: -0.32
P3: -0.14
NH4Cr(III)[BP2O8(OH)] B1: -1.12 P1: -0.73 B
P2: -1.15
Borosulphate
K5[B(SO4)4] B1: -0.38 S1: -0.08 A
S2: -0.15
S3: -0.12
S4: -0.22
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Despite the small amount of data, a trend becomes visible considering the devi-
ation of different types of tetrahedra derived from single crystal data (A) (Ta-
ble 9.6). With increasing oxidation state and electronegativity of the central ion
(B → P → S) the deviation of tetrahedra decreases.
Table 9.6: Average deviation of tetrahedra of borates, phosphates and sul-
phates from single crystal data (A)
Compound Class
Average Deviation of
Tetrahedra from A / %
BIIIO4 -0.36
PVO4 -0.28
SVIO4 -0.14
Electronegative elements pull stronger electron density towards themselves, which
leads to a stronger coordination of the ligands and the repulsion among themselves
also becomes stronger. Additionally, the increased charge of the electronegative ele-
ment reinforces this phenomenon and the deviation of tetrahedra decreases. Taking
into account these considerations a differentiation in the deviation of tetrahedra
could be made with respect to the type of the corresponding central atom. The
rule of deviation of tetrahedra could still be applied that strictly for phosphates and
sulphates, but for borates a stronger deviation of about 2 % could be accepted.
10 Summary
In this work the synthesis and characterisation of silicate-analogous solids, particu-
larly borates, phosphates, borophosphates and borosulphates, were investigated.
The focus was on the structural, optical and thermal properties with regard to
the suitability as host structures. Several compounds were doped with lanthanide
ions to examine the influence of the crystal structure on the optical properties.
Besides the examination of a phase transition of a well-known phosphate, novel
condensed borophosphate structures and the first representative of the compound
class of borosulphates were obtained.
10.1 The Borate Cs2[B10O14(OH)4]⋅H2O
Cs2[B10O14(OH)4]⋅H2O (Chapter 5) represents a new borate in the group of monova-
lent pentaborates. The hydrothermally synthesised, colourless and microcrystalline
powder was refined via a Rietveld analysis (P 1¯, Z = 2, a= 7.8038(2) A˚,
b= 9.1840(2) A˚, c= 12.3403(3) A˚, α= 98.979(2)°, β= 106.345(1)°, γ= 91.081(1)°,
Rp =0.013, Rwp = 0.018, χ2 = 3.28). The polyanion is constructed by a zig-zag lB
sechser-single chain, possessing lB pentamers as FBU. MAPLE calculations con-
firmed the ninefold coordination of the cations. Besides the determination of one
weak and several moderate hydrogen bonds, all bands could be assigned in the IR
spectrum. The excitation and emission bands of Cs2[B10O14(OH)4]⋅H2O:Eu3+ reveal
the typical f–f transitions of Eu3+. The presence of the very intense hypersensitive
5D0→7F2 transition proves the occupation of Eu3+ on Cs+ sites due its asymmetric
surrounding.
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10.2 Optical properties of Ln[H(PO3)4] (Ln = Tb,
Dy, Ho), Dy[H(PO3)4]:Ce3+ and
Dy[H(PO3)4]:Eu3+
Lanthanide hydrogen-polyphosphates Ln[H(PO3)4] (Ln = Tb, Dy, Ho) (Chapter 6.1)
were synthesised as colourless (Ln = Tb, Dy) and light pink (Ln = Ho) crystalline
powders by reaction of Tb4O7/Dy2O3/Ho2O3 with H3PO3 at 380 °C. All compounds
crystallise isotypically (P21/c, Z = 4, aTb = 13.6824(4) A˚, bTb = 7.1042(2) A˚,
cTb = 9.6579(3) A˚, βTb = 101.200(1)°, 3112 data, 160 parameters, R1 = 0.0277,
wR2 = 0.0622; aHo = 13.6334(5) A˚, bHo = 7.0924(3) A˚, cHo = 9.5907(4) A˚,
βHo = 101.055(1)°, 1607 data, 158 parameters, R1 = 0.0291, wR2 = 0.0602). Whereas
the crystal structures of Tb[H(PO3)4] and Ho[H(PO3)4] were solved from single-
crystal data, Dy[H(PO3)4] was refined via a Rietveld refinement (P21/c, Z = 4,
aDy = 13.6585(3) A˚, bDy = 7.09739(12) A˚, cDy = 9.6215(2) A˚, βDy = 101.116(1)°,
Rp = 0.009, Rwp = 0.012, χ2 = 4.04). The crystal structure comprises two differ-
ent infinite helical chains of corner-sharing phosphate tetrahedra running parallel
in [010] direction. The cations are coordinated by seven oxygen atoms belonging to
four different polyphosphate chains. Ho[H(PO3)4] shows the alexandrite effect by
exhibiting a yellow and pink body colour in ambient day light and artificial light
provided by luminescent tubes, respectively. UV-Vis and fluorescence spectra of
Ln[H(PO3)4] (Ln= Tb, Dy) show the typical absorption, excitation and emission
bands. Dy[H(PO3)4] was doped with 5, 10 and 30 % Ce3+ in order to investigate
the effect of Ce3+ as sensitiser. Although a slight increase of the emission inten-
sities of Dy3+ can be observed, an efficient energy transfer could not be proved.
Dy[H(PO3)4]:Eu3+ (5 mol%) reveals besides two emission bands of Dy3+ the typical
Eu3+ emission lines. The hypersensitive 5D0→7F2 transition appears very intense
due to the asymmetric surrounding of Eu3+ and confirms the occupation of Dy3+
sites. The magnetic susceptibility measurement confirms the valence state of Tb3+
and thus the presence of one proton. Tb[H(PO3)4] obeys Curie’s law over the whole
temperature range (1.8–400 K), exhibiting a magnetic moment of µeff = 9.54µB.
10.3 Phase transition of Sr3P4O13
Sr3P4O13 (Chapter 6.2) was synthesised via solid-state synthesis at 930 °C as colour-
less crystalline powder. At room temperature it crystallises in the triclinic space
group P 1¯ (Z = 1, a= 5.5244(2) A˚, b= 6.9126(2) A˚, c= 7.7199(2) A˚, α= 83.316(1)°,
β= 75.788(1)°, γ= 70.553(1)°, 1571 data, 89 parameters, R1 = 0.0179,
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wR2 = 0.0449). By slowly cooling the single-crystal to 100 K LT-Sr3P4O13 under-
goes a phase transition yielding a larger unit cell (P 1¯, Z = 2, a= 7.2636(3) A˚,
b= 7.7033(3) A˚, c= 10.1576(4) A˚, α= 102.207(1)°, β= 103.511(1)°, γ= 94.448(1)°,
8999 data, 182 parameters, R1 = 0.0379, wR2 = 0.0686). S-shaped [P4O13]6− chains
of corner-sharing phosphate tetrahedra separated by layers of edge- and corner-
sharing chairs of Sr2+ ions are present in both Sr3P4O13 structures. At room tem-
perature the presence of two individuals in the ratio of 1:1 leads to a splitting of
Obr2. At 100 K all atoms in LT-Sr3P4O13 are arranged properly. The group-subgroup
relation between both structure solutions can be visualised by the Ba¨rnighausen for-
malism [222] by applying an isomorphic transition with the index 2. All atoms on
general positions are doubled. The number of crystallographically different sites of
strontium atoms increases from two to three (Figure 10.1).
Figure 10.1: Ba¨rnighausen formalism [222] showing the group-subgroup rela-
tion of the isomorphic transition i2 between RT-Sr3P4O13 and LT-Sr3P4O13
of the strontium atoms.
Sr3P4O13 was doped with Eu3+ and Eu2+. Whereas Sr3P4O13:Eu3+ could be obtained
phase pure showing a red emission, Sr3P4O13:Eu2+ always revealed Sr2P2O7:Eu2+ as
side phase due to evaporation of P2O5, or Sr3P4O13:Eu3+ could not be reduced
completely to Sr3P4O13:Eu2+ exhibiting a blue (λem = 404 nm) or pink emission
(λem = 417, 594, 612, 652, 699, 754 nm), respectively.
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10.4 Layered Structure Borophosphates
(NH4)2Mn(II)[B2P3O11(OH)2]Cl and
(NH4)2[B2P3O11(OH)]
The novel borophosphate (NH4)2Mn(II)[B2P3O11(OH)2]Cl (Chapter 7.1) was syn-
thesised as a crystalline colourless powder by reaction of MnCl2, (NH4)2HPO4,
H3BO3 and H3PO4 under hydrothermal conditions at 180 °C. According to X-ray
single-crystal investigations it crystallises in a new structure type in the mono-
clinic space group P21/n (Z = 4, a= 9.0524(3) A˚, b= 8.4729(3) A˚, c= 16.5232(5) A˚,
β= 92.303(1) °, R1 = 0.0257, wR2 = 0.0632, 2227 data, 229 parameters). The phase
purity of the powder was checked via a Rietveld refinement. The lB vierer-single
layer reveals an oB vierer-single ring as novel FBU. The layered structure with an
O:OH ratio of 11:2 was observed for the first time (Figure 10.2 left).
Figure 10.2: Comparison of the corrugated layer structure of
(NH4)2Mn(II)[B2P3O11(OH)2]Cl (left) and (NH4)2[B2P3O11(OH)] (right);
phosphate tetrahedra blue, borate tetrahedra turquoise, chlorine green,
manganese grey, nitrogen violet, hydrogen white.
The electrostatic consistency of the structure model was proved via MAPLE cal-
culations. The magnetic susceptibility obeys Curie’s law in the whole tempera-
ture range (1.8–400 K) and the effective magnetic moment of µeff = 5.79µB con-
firms the oxidation state of Mn2+ and thus the composition of the compound.
(NH4)2Mn(II)[B2P3O11(OH)2]Cl is thermally stable up to 340 °C in inert atmosphere
before it decomposes to Mn2P2O7 and BPO4.
Diammonium borophosphate (NH4)2[B2P3O11(OH)] (Chapter 7.2) was synthesised
hydrothermally at 180 °C in a Teflon autoclave starting from (NH4)2HPO4, H3BO3
and H3PO4. It crystallises in a new structure type in the orthorhombic space group
P212121 (Z = 4, a= 4.509(3) A˚, b= 14.490(11) A˚, c= 16.401(12) A˚, R1 = 0.0457,
wR2 = 0.0930, 1682 data, 200 parameters). The phase purity of the powder was
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checked via a Rietveld refinement. The lB zweier-single layer (Figure 10.2 right) com-
prises an oB vierer-single ring as FBU, which was also observed in
(NH4)2Mn(II)[B2P3O11(OH)2]Cl. An O:OH ratio of 11:1 in combination with a
B:P ratio of 2:3 was observed for the first time. Numerous moderate and weak
hydrogen bonds are found between NH+4 ions and the parallel corrugated borophos-
phate layers. In contrast to (NH4)2[B2P3O11(OH)], (NH4)2Mn(II)[B2P3O11(OH)2]Cl
exhibits a phase shift of a half in the borophosphate layer (Figure 10.2). At 300 °C
the compound decomposes in inert atmosphere.
10.5 The Chain Structure Borophosphate
(NH4)Cr[BP2O8(OH)]
Ammonium chromium(III) borophosphate (NH4)Cr(III)[BP2O8(OH)] (Chapter 7.3)
represents a new borophosphate in the group of mixed monovalent trivalent boro-
phosphates revealing a green body colour. Via a Rietveld analysis the structure
was refined to very good residuals (P21/c, Z = 4, a= 9.3389(1) A˚, b= 8.2771(1) A˚,
c= 9.5910(1) A˚, β= 102.776(1)°, Rp = 0.024, Rwp = 0.035, χ2 = 4.75). Layers of oB
vierer-single chains exhibit an uB trimer as BBU with a B:P ratio of 1:2. MAPLE
calculations indicate that in (NH4)Cr(III)[BP2O8(OH)] exclusively one hydrogen
atom is considered as ligand of the ammonia ion, which leads to a relatively large
deviation. Hydrogen atoms were not refined in both the Rietveld refinement and in
(NH4)V(III)[BP2O8(OH)] [248]. Hence, d(N–H) in both compounds possess a large
scattering reaching from 0.65–1.08 A˚. To compensate this unbalance the *MAPLE
values of the hydrogen atoms as ligands in the nearest distance are strongly increased
compared to the others. Investigations of the optical properties reveal a Racah
parameter B′ of 731 cm−1 and a ligand field splitting ∆o of 15500 cm−1.
10.6 The Borosulphate K5[B(SO4)4]
The very first borosulphate K5[B(SO4)4] (Chapter 8), revealing a covalent B–O–S
connection, was synthesised as crystalline colourless powder via a solid state reac-
tion at 375 °C starting from K2S2O7 and H3BO3. It crystallises in a new structure
type (P41, Z = 4, a= 9.9023(5) A˚, c= 16.1871(10) A˚, 2744 data, 237 parameters,
R1 = 0.0528, wR2 = 0.1045). The crystal structure comprises novel oligomeric boro-
sulphate units as oB pentamers with K+ ions in-between. Each unit represents a
super-tetrahedron BS4 exhibiting a central borate tetrahedron sharing each corner
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with a sulphate tetrahedron. The five crystallographically different K+ ions are co-
ordinated irregularly by seven (2x), nine (2x) and eleven (1x) oxygen atoms. The
UV-Vis spectrum reveals two strong absorption bands in the UV, which could be
assigned to a charge transfer between O2− and B3+ (230 nm) and S6+ (299 nm), re-
spectively. Besides MAPLE calculations, which proved the electrostatic consistency
of the structure, investigations of the thermal stability revealed a higher thermal
stability compared to the very similar Na5[B(SO4)4]-I.
11 Outlook
In this work the focus was on the expansion of the structural diversity and the iden-
tification of novel structure types. The obtained results comprise pursuing scientific
issues.
Cs2[B10O14(OH)4]⋅H2O as novel borate was obtained as polycrystalline powder. Op-
timisation of the synthesis could lead to single-crystals to confirm the structure by
single-crystal structure analysis. Further already predicted monovalent pentaborates
exhibiting Ag+ or Tl+ [147] should be easily accessible. Up to now no crystal struc-
tures were solved. Doping with trivalent lanthanides, e.g. Eu3+ and Tb3+, leads to
possible interesting optical properties, which have to be investigated. The influence
of the hydroxyl groups and crystal water in terms of quenching processes could be
investigated by heating up the doped compounds carefully until hydroxyl groups
and crystal water are removed.
Ln[H(PO3)4] (Ln = Tb, Dy, Ho) belong to the binary lanthanide phosphates, which
comprise already a great variety in structure and composition [264]. The UV-Vis
and fluorescence spectra have been investigated in this work. Furthermore, life-
time measurements and the determination of the quantum yield could demonstrate
the qualification as classical luminescent material or as part of a three-colour LED.
Nevertheless, Ln[H(PO3)4] (Ln = La, Pr, Nd, Tm, Yb) have not been observed up to
now. A successful synthesis would open a new field for the investigation of the optical
properties of the stoichiometric or doped compounds. Co-doping of the thulium
compound with Er3+ and Yb3+ could result in an effective upconversion phosphor for
displays [4]. Moreover, those compounds come into question as magnetic materials.
Furthermore, unary phosphates XP4O12 with tetravalent lanthanide ions for X,
e.g. Tb4+ and Tm4+, might reveal interesting structures, which could thus exhibit
interesting magnetic properties. Up to now the crystal structures of the catena-
metaphosphates XP4O12 (X = Ce, U) [190] are known, which crystallise isotypic in
the monoclinic space group C2/c (no. 15).
Since Sr3P4O13:Eu2+ could not be obtained phase pure, an effective synthesis should
be found as the compound possesses great potential as luminescent material [207,
208]. The temperature dependence of the optical properties of the compound was
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already investigated by Zhang et al. (2013) [110], but Sr2P2O7:Eu2+ seems to be
present as side phase, too. Thus, results have not been unambiguously yet. Co-
doping with other divalent lanthanide ions, e.g. Sm2+ or transition metal cations,
such as Mn2+, could result in a two colour phosphor. Life-time measurements would
complete the picture of the potential optical material.
Borophosphates in general and transition metal borophosphates in particular already
show a large variety in composition and structure. Nevertheless, this class of com-
pounds seems to represent an everlasting source of novel compounds exhibiting new
types of FBUs or structures built of these. Up to now no lanthanide compounds
have been obtained yet. LnBP2O17 (Ln= Pr, Sm) [290] comprise non-condensed
borate and phosphate units and are thus not classified as borophosphates, but as
borate-phosphates. A number of alkaline earth borophosphates was already doped
with lanthanide ions to investigate their optical properties [125–128, 291, 292]. Fur-
ther borophosphates, especially alkaline earth or lanthanide borophosphates, could
be doped with typical activator ions, e.g. Ce3+, Tb3+, Er3+ [3, 4], or show as stoi-
chiometric compounds promising properties for optical applications. Additionally,
many borophosphates posses a high degree of condensation due to their analogy to
silicates [13, 113] and thus reveal high structural and thermal stability, which are
important features for luminescent materials. A further step is the partial substi-
tution of alkaline earth ions by others in Eu2+ doped compounds, e.g. Sr2+ against
Ba2+ to obtain an expansion of the cationic sites. Thus, the interaction between
host lattice and cation decreases followed by a decreased ligand field splitting. A
shift towards shorter wavelengths would result and continuous colour tuning would
be possible.
Further investigations on (NH4)Cr(III)[BP2O8(OH)] should enable the phase pure
synthesis of the compound. The body colour of the compound is intense green and
could be intensified by purification. Further investigation of the optical properties
and the thermal stability could check its suitability as green pigment. The structure
solution of single-crystal data might lead to a much better MAPLE value and thus
to a satisfying electrostatic consistency.
In general, the partial substitution of oxygen by fluorine in borophosphates leads
to a weaker interaction between host lattice and cation. NH4[BPO4F] was the first
representative exhibiting a three-dimensional network [293]. In 2013 Jansen and
Pilz published the crystal structures of the polymorphic Na3[B2PO5F4] comprising
isolated dreier-single rings [294]. In both compounds fluorine atoms exclusively
occur in the coordination sphere of boron. Doped alkaline earth or lanthanide fluo-
rooxoborophosphates might be used as upconversion phosphors, which could be
utilised in solar cells or transparent displays [4].
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Concerning the borosulphates in the past years numerous compounds [134–137] were
synthesised and characterised. Besides the synthesis and crystal structure of alkaline-
earth borosulphates [140, 295] the first lanthanide compound Gd[B(SO4)3] [138, 139]
was obtained. The family of borosulphates is still rather young and further investiga-
tions will bring for sure novel FBUs, structures and compositions. Investigations of
doped compounds with Eu3+ reveal the luminescence properties of the compounds,
as already done in Ba[B2S3O13]:Eu3+ [140]. A large problem still represents the
instability against air or humidity. Except monovalent borosulphates, which are
relatively stable, up to now all borosulphates show a strong tendency to decompose
when exposed to humid air, which makes an application as luminescent material
difficult. However, borosulphates with a high sensitivity to air might be used as
very efficient indicators for humidity by decomposition. If the material, which has
to be stored in inert atmosphere is insensitive to the aggressive sulphate groups of
the compound an application might be imaginable.
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Table 12.1: MAPLE results for Cs2[B10O14(OH)4]⋅H2O
No. Atom x y z Distance ECoN
CA Cs1 0.4920 0.0576 0.2541
1 OH2 0.3050 0.0700 0.0302 275.893 1.507
2 Obr9 0.4790 −0.2750 0.1960 301.971 0.986
3 Obr12 0.5130 0.2430 0.4884 307.765 0.872
4 Obr14 0.7050 0.0600 0.5075 309.730 0.834
5 Obr13 0.3170 −0.2130 0.3200 313.536 0.763
6 OW 0.6430 0.3690 0.2330 314.855 0.738
7 Obr3 0.1250 0.0470 0.3230 321.258 0.625
8 Obr4 0.8680 0.0420 0.1790 331.571 0.460
9 Obr6 0.1020 0.2490 0.2280 350.473 0.228
10 Obr1 0.9450 0.2350 0.3540 365.705 0.111
Next Ligand:
11 Obr14 0.2950 −0.0600 0.4925 395.723 0.016
Last Ligand:
30 Obr1 −0.0550 0.2350 0.3540 499.929 0.000
CN: 10
CA = Central Atom
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No. Atom x y z Distance ECoN
CA Cs2 0.8993 0.7064 0.2096
1 OH1 1.0490 0.6440 0.4480 299.420 1.466
2 Obr4 0.8680 1.0420 0.1790 316.886 1.142
3 Obr13 1.3170 0.7870 0.3200 318.180 1.117
4 Obr9 0.4790 0.7250 0.1960 324.584 0.998
5 Obr7 0.8730 0.6420 −0.0650 329.442 0.909
6 Obr10 1.2690 0.5350 0.2150 330.177 0.896
7 Obr8 0.7070 0.4540 −0.0349 344.470 0.649
8 Obr3 1.1250 1.0470 0.3230 344.729 0.645
9 Obr2 0.8880 0.8550 0.4849 348.393 0.587
10 OH3 0.4800 0.7210 −0.0081 362.259 0.392
11 OW 0.6430 0.3690 0.2330 374.916 0.252
12 Obr11 0.5620 0.6090 0.3563 375.562 0.246
13 OH2 0.6950 0.9300 −0.0302 385.754 0.161
14 Obr5 1.0990 0.8420 −0.0250 399.404 0.084
Next Ligand:
15 Obr7 1.1270 0.3580 0.0650 409.836 0.047
Last Ligand:
26 Obr12 1.4870 0.7570 0.5116 498.973 0.000
CN: 14
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Cs1 + 1.0000 270.90 -0.59632 0.20560 98.9319 98.9319
Cs2 + 1.0000 288.03 -0.62684 0.21613 103.9958 103.9958
B1 + 3.0000 143.01 -2.90906 3.00904 1447.8810 160.8757
B2 + 3.0000 138.57 -3.00048 3.10360 1493.3833 165.9315
B3 + 3.0000 135.73 -2.57349 2.66194 1280.8651 142.3183
B4 + 3.0000 138.53 -2.72602 2.81971 1356.7812 150.7535
B5 + 3.0000 121.31 -3.12232 3.22962 1554.0235 172.6693
B6 + 3.0000 136.52 -2.83506 2.93249 1411.0510 156.7834
B7 + 3.0000 125.76 -2.72489 2.81854 1356.2193 150.6910
B8 + 3.0000 126.33 -2.81643 2.91323 1401.7798 155.7533
B9 + 3.0000 137.67 -2.70455 2.79750 1346.0950 149.5661
B10 + 3.0000 133.15 -2.83919 2.93677 1413.1094 157.0122
Obr1 - 2.0000 126.33 2.55047 1.75875 846.2710 211.5678
Obr2 - 2.0000 143.56 2.20475 1.52035 731.5569 182.8892
Obr3 - 2.0000 125.76 2.43528 1.67931 808.0487 202.0122
Obr4 - 2.0000 142.75 2.34201 1.61500 777.1029 194.2757
Obr5 - 2.0000 135.73 2.50298 1.72600 830.5137 207.6284
Obr6 - 2.0000 148.52 2.06458 1.42369 685.0487 171.2622
Obr7 - 2.0000 131.88 2.29869 1.58512 762.7270 190.6818
Obr8 - 2.0000 142.78 2.09566 1.44513 695.3622 173.8406
Obr9 - 2.0000 136.52 2.26941 1.56494 753.0133 188.2533
Obr10 - 2.0000 121.31 2.31943 1.59943 769.6113 192.4028
Obr11 - 2.0000 139.09 2.01020 1.38619 667.0030 166.7507
Obr12 - 2.0000 135.07 2.49802 1.72258 828.8692 207.2173
Obr13 - 2.0000 141.99 2.11449 1.45811 701.6084 175.4021
Obr14 - 2.0000 133.15 2.28160 1.57334 757.0581 189.2645
OH1 - 2.0000 78.31 2.21173 1.52516 733.8740 183.4685
OH2 - 2.0000 68.96 2.50311 1.72609 830.5558 207.6389
OH3 - 2.0000 109.23 2.06294 1.42256 684.5053 171.1263
OH4 - 2.0000 78.84 2.27180 1.56658 753.8058 188.4514
OW - 2.0000 91.74 2.09200 1.44260 694.1475 173.5369
H1 + 1.0000 78.31 -2.06636 0.71246 342.8188 342.8188
H2 + 1.0000 68.96 -2.22571 0.76740 369.2557 369.2557
H3 + 1.0000 109.23 -1.51793 0.52337 251.8324 251.8324
H4 + 1.0000 78.84 -1.89582 0.65366 314.5260 314.5260
H5 + 1.0000 91.74 -1.58322 0.54588 262.6640 262.6640
H6 + 1.0000 107.02 -1.31171 0.45226 217.6195 217.6195
Madelung Constant: 63.0401 ± 0.000003
Coulomb Part of Lattice Energy: 30333.5159 ± 0.001261 kcal⋅mol−1
Coulomb Part of Lattice Energy: 126976.1285.7541 ± 0.005278 kJ⋅mol−1
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Table 12.2: MAPLE results for Tb[H(PO3)4]
No. Atom x y z Distance ECoN
CA Tb1 0.7294 0.0579 0.0590
1 Oterm5 0.6343 −0.0458 0.2130 228.057 1.103
2 Oterm7 0.6158 0.1415 −0.1374 228.477 1.092
3 Oterm3 0.8414 0.0764 −0.0888 229.169 1.074
4 Oterm4 0.8587 0.2086 0.2048 230.030 1.051
5 OH1 0.6615 0.3364 0.1191 230.737 1.033
6 Oterm2 0.8343 −0.1895 0.1741 240.125 0.795
7 Oterm6 0.6902 −0.2278 −0.0832 245.093 0.677
Next Ligand:
8 Obr3 0.5801 −0.1234 −0.3124 398.123 0.000
Last Ligand:
33 Obr3 0.4199 0.3766 −0.1876 498.114 0.000
CN: 7
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Tb1 + 3.0000 228.06 -2.23560 3.14210 1112.6923 123.6325
P1 + 5.0000 146.57 -3.94997 9.25271 3276.6030 131.0641
P2 + 5.0000 146.17 -4.07022 9.53438 3376.3483 135.0539
P3 + 5.0000 148.04 -3.99612 9.36080 3314.8804 132.5952
P4 + 5.0000 146.37 -4.02483 9.42806 3338.6996 133.5480
Obr1 - 2.0000 156.13 2.56676 2.40503 851.6768 212.9192
Obr2 - 2.0000 157.52 2.48447 2.32792 824.3715 206.0929
Obr3 - 2.0000 158.26 2.54348 2.38322 843.9533 210.9883
Obr4 - 2.0000 158.16 2.49563 2.33837 828.0734 207.0183
Oterm1 - 2.0000 93.70 2.29705 2.15231 762.1853 190.5463
Oterm2 - 2.0000 146.57 2.06607 1.93589 685.5427 171.3857
Oterm3 - 2.0000 146.17 2.06933 1.93894 686.6242 171.6561
Oterm4 - 2.0000 147.21 1.97753 1.85293 656.1645 164.0411
Oterm5 - 2.0000 148.04 2.05820 1.92851 682.9300 170.7325
Oterm6 - 2.0000 149.37 2.10980 1.97686 700.0536 175.0134
Oterm7 - 2.0000 148.32 2.06836 1.93803 686.3018 171.5754
OH1 - 2.0000 146.37 1.99204 1.86652 660.9773 165.2443
H1 + 1.0000 93.70 -1.59270 0.74617 264.2367 264.2367
Madelung Constant: 66.5088 ± 0.000002
Coulomb Part of Lattice Energy: 23552.3145 ± 0.000796 kcal⋅mol−1
Coulomb Part of Lattice Energy: 98590.0127 ± 0.003333 kJ⋅mol−1
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Table 12.3: MAPLE results for Ho[H(PO3)4]
No. Atom x y z Distance ECoN
CA Ho1 0.7295 0.0566 0.0593
1 Oterm4 0.6349 −0.0475 0.2120 225.352 1.109
2 Oterm2 0.8395 0.0788 −0.0889 226.060 1.091
3 Oterm6 0.6161 0.1414 −0.1351 226.367 1.083
4 Oterm7 0.6633 0.3331 0.1200 228.084 1.037
5 Oterm3 0.8581 0.2080 0.2034 228.180 1.035
6 Oterm1 0.8334 −0.1891 0.1737 237.676 0.792
7 Oterm5 0.6904 −0.2267 −0.0824 242.694 0.671
Next Ligand:
8 OH1 0.8568 −0.4297 −0.0126 397.988 0.000
Last Ligand:
18 Oterm1 0.8334 −0.3109 −0.3263 494.807 0.000
CN: 7
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Ho1 + 3.0000 225.35 -2.26810 3.19985 1128.8655 125.4295
P1 + 5.0000 147.24 -4.00894 9.42642 3325.5141 133.0206
P2 + 5.0000 146.40 -4.09820 9.63631 3399.5607 135.9824
P3 + 5.0000 147.90 -3.97454 9.34554 3296.9815 131.8793
P4 + 5.0000 147.05 -4.00252 9.41132 3320.1886 132.8075
Obr1 - 2.0000 156.84 2.53961 2.38860 842.6677 210.6669
Obr2 - 2.0000 157.51 2.44691 2.30141 811.9083 202.9771
Obr3 - 2.0000 158.04 2.56197 2.40963 850.0864 212.5216
Obr4 - 2.0000 158.17 2.52780 2.37750 838.7486 209.6871
Oterm1 - 2.0000 147.24 2.01379 1.89405 668.1946 167.0486
Oterm2 - 2.0000 146.40 2.04210 1.92068 677.5893 169.3973
Oterm3 - 2.0000 146.58 1.98252 1.86464 657.8208 164.4552
Oterm4 - 2.0000 147.90 2.09454 1.97000 694.9907 173.7477
Oterm5 - 2.0000 149.45 2.09137 1.96702 693.9372 173.4843
Oterm6 - 2.0000 148.21 2.08974 1.96548 693.3954 173.3489
Oterm7 - 2.0000 147.05 2.00086 1.88189 663.9043 165.9761
OH1 - 2.0000 94.05 2.28064 2.14504 756.7408 189.1852
H1 + 1.0000 94.05 -1.71206 0.80513 284.0390 284.0390
Madelung Constant: 66.9105 ± 0.000002
Coulomb Part of Lattice Energy: 23605.1333 ± 0.000796 kcal⋅mol−1
Coulomb Part of Lattice Energy: 98811.1123 ± 0.003333 kJ⋅mol−1
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Table 12.4: MAPLE results for RT-Sr3P4O13
No. Atom x y z Distance ECoN
CA Sr1 0.3432 0.9194 0.2766
1 Oterm5 0.2546 1.1398 −0.0003 252.779 1.169
2 Oterm3 0.4362 1.2174 0.3777 252.839 1.167
3 Oterm1 0.5753 0.5389 0.3139 253.057 1.162
4 Oterm5 0.7454 0.8602 0.0003 263.142 0.928
5 Oterm2 −0.1121 1.2043 0.3977 265.619 0.872
6 Oterm4 0.0321 0.7231 0.2190 265.731 0.870
7 Oterm2 0.1121 0.7957 0.6023 270.801 0.759
8 Oterm3 0.5638 0.7826 0.6223 312.145 0.136
Next Ligand:
9 Obr1 0.2386 0.7476 −0.0994 350.039 0.007
Last Ligand:
29 Oterm2 0.8879 0.2043 0.3977 497.631 0.000
CN: 8
CA Sr2 0.0000 0.5000 0.5000
1 Oterm4 0.0321 0.7231 0.2190 251.597 1.175
2 Oterm4 −0.0321 0.2769 0.7810 251.597 1.175
3 Oterm2 0.1121 0.7957 0.6023 257.763 1.031
4 Oterm2 −0.1121 0.2043 0.3977 257.763 1.031
5 Oterm3 −0.4362 0.7826 0.6223 258.691 1.009
6 Oterm3 0.4362 0.2174 0.3777 258.691 1.009
7 Oterm1 −0.4247 0.5389 0.3139 296.414 0.289
8 Oterm1 0.4247 0.4611 0.6861 296.414 0.289
9 Oterm1 −0.5753 0.4611 0.6861 323.641 0.061
10 Oterm1 0.5753 0.5389 0.3139 323.641 0.061
Next Ligand:
11 Obr2 0.0648 0.4791 0.0352 353.267 0.004
Last Ligand:
28 Obr1 0.2386 0.7476 −0.0994 476.891 0.000
CN: 10
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Sr1 + 2.0000 252.78 -1.53549 2.24916 509.4894 127.3724
Sr2 + 2.0000 251.60 -1.41283 2.06950 468.7911 117.1978
P1 + 5.0000 149.87 -4.04668 14.81880 3356.8187 134.2727
P2 + 5.0000 146.48 -3.95996 14.50124 3284.8839 131.3954
Obr1 - 2.0000 157.72 2.49888 3.66032 829.1520 207.2880
Obr2 - 2.0000 154.83 2.56985 3.76429 852.7036 213.1759
Oterm1 - 2.0000 149.87 2.03289 2.97775 674.5323 168.6331
Oterm2 - 2.0000 152.52 1.93661 2.83672 642.5869 160.6467
Oterm3 - 2.0000 151.21 1.86616 2.73352 619.2098 154.8025
Oterm4 - 2.0000 147.83 1.93643 2.83646 642.5264 160.6316
Oterm5 - 2.0000 146.48 1.94864 2.85435 646.5794 161.6449
Madelung Constant: 104.7704 ± 0.000004
Coulomb Part of Lattice Energy: 23733.0525 ± 0.000863 kcal⋅mol−1
Coulomb Part of Lattice Energy: 99346.5819 ± 0.003611 kJ⋅mol−1
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Table 12.5: MAPLE results for LT-Sr3P4O13
No. Atom x y z Distance ECoN
CA Sr1 0.2075 0.7173 0.1369
1 Oterm1 0.0965 0.6279 0.3322 250.973 1.203
2 Oterm6 0.0446 0.9867 0.2146 254.087 1.130
3 Oterm7 0.1245 0.7804 −0.1074 257.184 1.057
4 Oterm8 0.5063 0.6929 0.0385 259.616 1.001
5 Oterm5 0.4322 0.9864 0.3176 260.684 0.976
6 Oterm9 −0.1627 0.6000 0.0479 264.739 0.884
7 Oterm9 0.1627 0.4000 −0.0479 269.340 0.782
8 Oterm10 0.3785 0.3842 0.1805 300.677 0.244
Next Ligand:
9 Obr3 0.2350 1.1014 0.0016 352.728 0.005
Last Ligand:
30 Oterm9 0.8373 0.6000 0.0479 497.823 0.000
CN: 8
CA Sr2 0.7476 0.4795 0.2415
1 Oterm4 0.6833 0.7795 0.3591 249.915 1.214
2 Oterm9 0.8373 0.6000 0.0479 253.566 1.128
3 Oterm7 0.8755 0.2196 0.1074 254.066 1.116
4 Oterm1 1.0965 0.6279 0.3322 256.784 1.052
5 Oterm10 0.3785 0.3842 0.1805 261.446 0.945
6 Oterm2 0.6528 0.3943 0.4560 262.438 0.922
7 Oterm3 0.9730 0.3195 0.4272 275.808 0.633
8 Oterm8 0.4937 0.3071 −0.0385 297.107 0.279
9 Oterm8 0.5063 0.6929 0.0385 319.635 0.080
Next Ligand:
10 Obr2 0.7070 0.0334 0.2266 339.408 0.017
Last Ligand:
29 Oterm10 1.3785 0.3842 0.1805 485.620 0.000
CN: 9
CA = Central Atom
12 Appendix 249
Table 12.6: MAPLE results for LT-Sr3P4O13
No. Atom x y z Distance ECoN
CA Sr3 0.2852 0.2709 0.3758
1 Oterm3 −0.0270 0.3195 0.4272 248.154 1.259
2 Oterm5 0.4322 −0.0136 0.3176 253.023 1.145
3 Oterm10 0.3785 0.3842 0.1805 253.442 1.135
4 Oterm2 0.6528 0.3943 0.4560 263.835 0.894
5 Oterm6 0.0446 −0.0133 0.2146 266.068 0.844
6 Oterm2 0.3472 0.6057 0.5440 271.479 0.726
7 Oterm4 0.3167 0.2205 0.6409 276.120 0.631
8 Oterm1 0.0965 0.6279 0.3322 323.295 0.063
Next Ligand:
9 Obr1 0.2410 −0.0956 0.5147 343.765 0.012
Last Ligand:
29 Oterm2 −0.3472 0.3943 0.4560 497.656 0.000
CN: 8
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Sr1 + 2.0000 250.97 -1.53676 2.28436 509.9128 127.4782
Sr2 + 2.0000 249.92 -1.41867 2.10883 470.7300 117.6825
Sr3 + 2.0000 248.15 -1.49894 2.22814 497.3639 124.3410
P1 + 5.0000 150.68 -4.08337 15.17460 3387.2576 135.4903
P2 + 5.0000 149.24 -3.97174 14.75975 3294.6547 131.7862
P3 + 5.0000 148.65 -3.96963 14.75192 3292.9072 131.7163
P4 + 5.0000 150.41 -4.04238 15.02227 3353.2544 134.1302
Obr1 - 2.0000 157.86 2.47625 3.68090 821.6461 205.4115
Obr2 - 2.0000 158.90 2.67113 3.97057 886.3067 221.5767
Obr3 - 2.0000 158.56 2.50010 3.71634 829.5575 207.3894
Oterm1 - 2.0000 150.68 1.86164 2.76729 617.7115 154.4279
Oterm2 - 2.0000 153.43 1.90564 2.83269 632.3099 158.0775
Oterm3 - 2.0000 150.70 2.04065 3.03339 677.1091 169.2773
Oterm4 - 2.0000 149.38 2.01363 2.99322 668.1426 167.0357
Oterm5 - 2.0000 149.24 1.96045 2.91417 650.4979 162.6245
Oterm6 - 2.0000 148.65 1.97966 2.94272 656.8715 164.2179
Oterm7 - 2.0000 149.69 1.95935 2.91254 650.1331 162.5333
Oterm8 - 2.0000 150.41 2.04463 3.03930 678.4297 169.6074
Oterm9 - 2.0000 152.62 1.90500 2.83175 632.0997 158.0249
Oterm10 - 2.0000 152.15 1.89686 2.81964 629.3965 157.3491
Madelung Constant: 106.7844 ± 0.000004
Coulomb Part of Lattice Energy: 23836.2924 ± 0.000863 kcal⋅mol−1
Coulomb Part of Lattice Energy: 99778.7446 ± 0.003611 kJ⋅mol−1
12 Appendix 251
Table 12.7: MAPLE results for (NH4)2Mn(II)[B2P3O11(OH)2]Cl
No. Atom x y z Distance ECoN
CA Mn1 0.5995 0.3226 0.1290
1 Cl1 0.7976 0.3087 0.2450 257.448 1.166
2 Oterm3 0.6903 0.1135 0.0806 212.307 1.088
3 Oterm2 0.7174 0.4962 0.0633 213.875 1.044
4 Oterm1 0.4318 0.3192 0.0309 217.526 0.943
5 OH1 0.4900 0.5183 0.1875 217.776 0.936
6 Oterm4 0.4266 0.1847 0.1961 227.744 0.674
Next Ligand:
7 Obr2 0.3003 0.5587 0.0841 342.438 0.000
Last Ligand:
28 N2 0.4567 0.8820 0.0956 493.763 0.000
CN: 6
CA N1 0.0242 0.4201 0.8597
1 H4 −0.0070 0.3220 0.8830 96.346 1.016
2 H3 −0.0450 0.5010 0.8742 96.549 1.004
3 H6 0.0160 0.3960 0.8025 96.606 1.000
4 H5 0.1204 0.4480 0.8833 96.933 0.980
Next Ligand:
5 H2 0.1660 0.1030 0.8294 302.783
Last Ligand:
29 P2 −0.1649 0.0426 1.0608 496.652
CN: 4
CA N2 0.4567 0.8820 0.0956
1 H10 0.4460 0.8350 0.1480 96.098 1.032
2 H8 0.5270 0.9670 0.1020 96.403 1.013
3 H7 0.3660 0.9310 0.0756 96.654 0.998
4 H9 0.4990 0.8070 0.0584 97.355 0.954
Next Ligand:
5 H2 0.1660 0.1030 0.8294 302.783 0.000
Last Ligand:
29 P2 −0.1649 0.0426 1.0608 496.652 0.000
CN: 4
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Mn1 + 2.0000 212.31 -1.61339 1.55043 535.3386 133.8347
P1 + 5.0000 150.15 -3.93366 9.45042 3263.0726 130.5229
P2 + 5.0000 149.03 -3.92076 9.41942 3252.3668 130.0947
P3 + 5.0000 149.37 -3.89386 9.35480 3230.0559 129.2022
B1 + 3.0000 143.39 -2.91013 4.19487 1448.4168 160.9352
B2 + 3.0000 145.37 -2.87802 4.14858 1432.4354 159.1595
Obr1 - 2.0000 146.76 2.37329 2.28068 787.4819 196.8705
Obr2 - 2.0000 147.46 2.32824 2.23739 772.5332 193.1333
Obr3 - 2.0000 145.37 2.42999 2.33517 806.2935 201.5734
Obr4 - 2.0000 147.32 2.49078 2.39359 826.4673 206.6168
Obr5 - 2.0000 146.96 2.42014 2.32570 803.0262 200.7566
Obr6 - 2.0000 146.34 2.47153 2.37509 820.0798 205.0200
Obr7 - 2.0000 148.09 2.49363 2.39633 827.4120 206.8530
Oterm1 - 2.0000 150.42 2.16586 2.08135 718.6555 179.6639
Oterm2 - 2.0000 150.15 2.07962 1.99847 690.0397 172.5099
Oterm3 - 2.0000 149.03 2.10550 2.02334 698.6253 174.6563
Oterm4 - 2.0000 149.37 2.12230 2.03949 704.2015 176.0504
OH1 - 2.0000 96.37 2.21522 2.12878 735.0308 183.7577
OH2 - 2.0000 96.96 2.44816 2.35264 812.3254 203.0814
Cl1 - 1.0000 201.47 0.52429 0.25192 86.9827 86.9827
N1 - 3.0000 96.35 3.46574 4.99575 1724.9495 191.6611
N2 - 3.0000 96.10 3.45416 4.97906 1719.1857 191.0206
H1 + 1.0000 96.37 -1.53266 0.73643 254.2764 254.2764
H2 + 1.0000 96.96 -1.43996 0.69189 238.8966 238.8966
H3 + 1.0000 96.55 -1.83655 0.88244 304.6925 304.6925
H4 + 1.0000 96.35 -1.83336 0.88091 304.1633 304.1633
H5 + 1.0000 96.93 -1.98425 0.95341 329.1969 329.1969
H6 + 1.0000 96.61 -1.90254 0.91415 315.6410 315.6410
H7 + 1.0000 96.65 -1.90131 0.91356 315.4368 315.4368
H8 + 1.0000 96.40 -1.90126 0.91354 315.4286 315.4286
H9 + 1.0000 97.35 -1.91150 0.91846 317.1277 317.1277
H10 + 1.0000 96.10 -1.88468 0.90557 312.6780 312.6780
Madelung Constant: 86.0236 ± 0.000003
Coulomb Part of Lattice Energy: 29702.5140 ± 0.001095 kcal⋅mol−1
Coulomb Part of Lattice Energy: 124334.7541 ± 0.004584 kJ⋅mol−1
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Table 12.8: MAPLE results for (NH4)2[B2P3O11(OH)]
No. Atom x y z Distance ECoN
CA N1 0.8881 0.0214 0.6411
1 H4 0.9080 0.0280 0.7001 97.650 1.018
2 H3 1.0790 −0.0080 0.6300 97.752 1.012
3 H5 0.8790 0.0810 0.6130 97.974 0.998
4 H2 0.7170 −0.0200 0.6340 98.418 0.971
Next Ligand:
5 H1 1.3310 −0.0260 0.8020 337.991 0.000
Last Ligand:
30 H8 1.2210 0.2670 0.8300 495.140 0.000
CN: 4
CA N2 0.6864 0.2778 0.2137
1 H6 0.8640 0.2770 0.2480 97.871 1.014
2 H9 0.6960 0.3350 0.1820 97.936 1.010
3 H8 0.7210 0.2330 0.1700 97.951 1.009
4 H7 0.5270 0.2580 0.2510 98.648 0.966
Next Ligand:
5 H4 0.4080 0.4720 0.2999 339.012 0.000
Last Ligand:
35 H2 1.2170 0.5200 0.3660 492.745 0.000
CN: 4
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
P1 + 5.0000 148.33 -3.88913 9.49439 3226.1330 129.0453
P2 + 5.0000 148.76 -3.99693 9.75754 3315.5497 132.6220
P3 + 5.0000 147.64 -3.89828 9.51671 3233.7167 129.3487
B1 + 3.0000 145.28 -2.84253 4.16361 1414.7692 157.1966
B2 + 3.0000 144.96 -2.83096 4.14667 1409.0128 156.5570
Obr1 - 2.0000 146.30 2.55226 2.49229 846.8638 211.7159
Obr2 - 2.0000 147.88 2.46533 2.40740 818.0197 204.5049
Obr3 - 2.0000 145.28 2.53315 2.47363 840.5232 210.1308
Obr4 - 2.0000 146.14 2.37862 2.32273 789.2495 197.3124
Obr5 - 2.0000 144.96 2.37128 2.31556 786.8130 196.7032
Obr6 - 2.0000 148.11 2.52401 2.46471 837.4933 209.3733
Obr7 - 2.0000 146.43 2.46062 2.40280 816.4569 204.1142
Obr8 - 2.0000 148.52 2.51130 2.45229 833.2732 208.3183
Oterm1 - 2.0000 148.33 2.04296 1.99496 677.8750 169.4688
Oterm2 - 2.0000 148.76 2.11995 2.07015 703.4221 175.8555
Oterm3 - 2.0000 147.64 2.06573 2.01719 685.4285 171.3571
OH1 - 2.0000 97.73 2.28924 2.23545 759.5929 189.8982
N1 - 3.0000 97.65 3.33400 4.88350 1659.3804 184.3756
N2 - 3.0000 97.87 3.35544 4.91490 1670.0531 185.5615
H1 + 1.0000 97.73 -1.74303 0.85104 289.1777 289.1777
H2 + 1.0000 98.42 -2.03433 0.99327 337.5054 337.5054
H3 + 1.0000 97.75 -1.94509 0.94969 322.6994 322.6994
H4 + 1.0000 97.65 -1.92826 0.94148 319.9075 319.9075
H5 + 1.0000 97.97 -1.92841 0.94155 319.9325 319.9325
H6 + 1.0000 97.87 -1.94522 0.94976 322.7213 322.7213
H7 + 1.0000 98.65 -1.97643 0.96500 327.8998 327.8998
H8 + 1.0000 97.95 -1.78907 0.87352 296.8157 296.8157
H9 + 1.0000 97.94 -1.93716 0.94582 321.3839 321.3839
Madelung Constant: 82.9376 ± 0.000003
Coulomb Part of Lattice Energy: 28181.6693 ± 0.000995 kcal⋅mol−1
Coulomb Part of Lattice Energy: 117968.4965 ± 0.004167 kJ⋅mol−1
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Table 12.9: MAPLE results for NH4Cr(III)[BP2O8(OH)]
No. Atom x y z Distance ECoN
CA Cr1 0.2092 0.1497 0.4323
1 Oterm4 0.1129 0.3371 0.3476 188.458 1.250
2 Oterm2 0.3421 0.1232 0.3095 190.321 1.192
3 OH1 0.3159 −0.0471 0.5220 200.184 0.891
4 Oterm3 0.0886 0.1680 0.5818 201.535 0.851
5 Oterm5 0.0785 −0.0006 0.2939 202.062 0.835
6 Oterm1 0.3736 0.2927 0.5577 209.476 0.628
Next Ligand:
7 Oterm3 0.0886 0.3320 0.0818 362.926 0.000
Last Ligand:
17 Oterm2 0.6579 −0.1232 0.6905 491.982 0.000
CN: 6
CA P1 0.0753 0.4323 0.2039
1 Oterm3 0.0886 0.3320 0.0818 146.300 1.260
2 Oterm5 −0.0785 0.4994 0.2061 154.446 0.938
3 Oterm4 0.1129 0.3371 0.3476 155.875 0.883
4 Obr3 0.1842 0.5842 0.2234 160.186 0.723
Next Ligand:
5 Oterm3 −0.0886 0.6680 −0.0818 343.546 0.000
Last Ligand:
14 Oterm5 0.0785 0.9994 0.2939 477.156 0.000
CN: 4
CA P2 0.4157 0.2381 0.2205
1 Obr1 0.4078 0.4113 0.2557 147.839 1.221
2 Oterm2 0.3421 0.1232 0.3095 153.787 0.986
3 Oterm1 0.3736 0.2073 0.0577 154.470 0.960
4 Obr2 0.5941 0.2036 0.2497 165.209 0.572
Next Ligand:
5 Obr1 0.5922 −0.0887 0.2443 314.952 0.000
Last Ligand:
12 Oterm1 0.6264 0.7073 0.4423 465.064 0.000
CN: 4
CA = Central Atom
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No. Atom x y z Distance ECoN
CA B1 0.3261 0.9370 0.6800
1 Obr2 0.4059 0.7964 0.7503 146.359 1.136
2 Obr3 0.1842 0.9158 0.7234 148.464 1.051
3 OH1 0.3159 0.9529 0.5220 150.297 0.977
4 Obr 0.4078 1.0887 0.7557 156.234 0.748
Next Ligand:
5 Obr1 0.5922 0.5887 0.7443 376.688 0.000
Last Ligand:
9 Obr2 0.4059 0.7036 0.2503 475.717 0.000
CN: 4
CA N1 0.1791 0.5964 0.5615
1 H2 0.1320 0.6540 0.5440 64.521 1.031
Next Ligand:
2 H3 0.1870 0.5200 0.5050 84.656 0.019
Last Ligand:
9 H4 0.1830 0.9450 0.1680 475.723 0.000
CN: 1
CA = Central Atom
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Atom Charge Distance Potential PMF MAPLE *MAPLE
Cr1 + 3.0000 188.46 -2.33588 2.26072 1162.6050 129.1783
P1 + 5.0000 146.30 -3.99855 6.44980 3316.9004 132.6760
P2 + 5.0000 147.84 -3.89081 6.27600 3227.5206 129.1008
B1 + 3.0000 146.36 -2.76853 2.67944 1377.9370 153.1041
Obr1 - 2.0000 147.84 2.53222 1.63382 840.2156 210.0539
Obr2 - 2.0000 146.36 2.19469 1.41605 728.2208 182.0552
Obr3 - 2.0000 148.46 2.22538 1.43584 738.4020 184.6005
Oterm1 - 2.0000 154.47 2.07480 1.33869 688.4394 172.1099
Oterm2 - 2.0000 153.79 2.19343 1.41523 727.8023 181.9506
Oterm3 - 2.0000 146.30 2.30676 1.48835 765.4062 191.3516
Oterm4 - 2.0000 155.87 2.03238 1.31132 674.3641 168.5910
Oterm5 - 2.0000 154.45 2.01719 1.30152 669.3247 167.3312
OH1 - 2.0000 79.08 2.50756 1.61791 832.0343 208.0086
N1 - 3.0000 64.52 3.93601 3.80935 1959.0101 217.6678
H1 + 1.0000 79.08 -1.83874 0.59319 305.0565 305.0565
H2 + 1.0000 64.52 -3.23868 1.04482 537.3129 537.3129
H3 + 1.0000 84.66 -2.18952 0.70635 363.2521 363.2521
H4 + 1.0000 107.03 -1.76771 0.57027 293.2713 293.2713
H5 + 1.0000 92.89 -1.78981 0.57741 296.9386 296.9386
Madelung Constant: 37.9261 ± 0.000001
Coulomb Part of Lattice Energy: 19504.0141 ± 0.000697 kcal⋅mol−1
Coulomb Part of Lattice Energy: 81643.8229 ± 0.002917 kJ⋅mol−1
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Table 12.10: MAPLE results for NH4Cr(III)[BP2O8(OH)] without the protons
of the ammonia ion
Atom Charge Distance Potential PMF MAPLE *MAPLE
Cr1 + 3.0000 188.39 -2.37510 2.81723 1182.1240 131.3471
P1 + 5.0000 146.30 -3.98620 7.88040 3306.6498 132.2660
P2 + 5.0000 147.84 -3.97848 7.86514 3300.2476 132.0099
B1 + 3.0000 146.36 -2.81438 3.33828 1400.7586 155.6398
Obr1 - 2.0000 147.84 2.44780 1.93564 812.2050 203.0512
Obr2 - 2.0000 146.36 2.11072 1.66909 700.3594 175.0898
Obr3 - 2.0000 148.46 2.23826 1.76994 742.6761 185.6690
Oterm1 - 2.0000 154.47 1.99189 1.57512 660.9285 165.2321
Oterm2 - 2.0000 153.79 2.09492 1.65660 695.1170 173.7793
Oterm3 - 2.0000 146.30 2.32820 1.84107 772.5209 193.1302
Oterm4 - 2.0000 155.87 2.04347 1.61592 678.0453 169.5113
Oterm5 - 2.0000 154.45 1.97447 1.56135 655.1503 163.7876
OH1 - 2.0000 79.08 2.45668 1.94266 815.1506 203.7876
N1 + 1.0000 272.14 -0.80569 0.31856 133.6683 133.6683
H1 + 1.0000 79.08 -1.91098 0.75557 317.0409 317.0409
Madelung Constant: 38.5426 ± 0.000001
Coulomb Part of Lattice Energy: 16172.6422 ± 0.000597 kcal⋅mol−1
Coulomb Part of Lattice Energy: 67698.6969 ± 0.002500 kJ⋅mol−1
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Table 12.11: MAPLE results for K5[B(SO4)4]
No. Atom x y z Distance ECoN
CA K1 0.7550 0.0473 0.2564
1 Obr1 0.6561 0.0116 0.1035 268.443 1.188
2 Oterm12 0.5812 −0.0122 0.3789 269.107 1.174
3 Oterm10 0.9351 0.2524 0.2303 273.580 1.076
4 Oterm3 0.8511 −0.2165 0.2588 278.090 0.978
5 Oterm9 0.5237 0.2091 0.2266 283.605 0.860
6 Oterm2 0.8945 −0.0203 0.0892 311.174 0.365
7 Oterm2 1.0203 −0.1055 0.3392 331.500 0.144
Next Ligand:
8 Oterm7 0.7534 0.3396 0.3885 359.896 0.022
Last Ligand:
25 Obr3 0.9769 0.4304 0.4032 498.690 0.000
CN: 7
CA K2 0.8545 0.6733 0.0823
1 Oterm5 0.6165 0.7339 0.1588 272.912 1.410
2 Oterm8 1.1176 0.6894 0.0135 283.782 1.185
3 Oterm6 0.7398 0.6274 −0.0797 289.362 1.069
4 Oterm12 0.9878 0.4188 0.1289 294.320 0.968
5 Oterm3 0.8511 0.7835 0.2588 305.872 0.740
6 Oterm2 0.8945 0.9797 0.0892 306.182 0.734
7 Oterm1 0.7488 0.9146 −0.0225 311.152 0.643
8 Oterm11 0.7607 0.3928 0.1726 327.327 0.385
9 Oterm1 1.0854 0.7488 0.2275 336.340 0.272
10 Obr4 0.9127 0.4907 0.2621 347.450 0.166
11 Obr3 1.0231 0.5696 −0.0968 349.960 0.147
Next Ligand:
12 Oterm4 0.4796 0.6155 0.0603 377.308 0.028
Last Ligand:
22 Oterm7 1.2466 0.6604 −0.1115 499.326 0.000
CN: 11
CA = Central Atom
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No. Atom x y z Distance ECoN
CA K3 0.5843 0.3494 0.0489
1 Oterm11 0.7607 0.3928 0.1726 269.169 1.294
2 Oterm5 0.7339 0.3835 −0.0912 272.989 1.212
3 Obr4 0.4907 0.0873 0.0121 281.957 1.020
4 Oterm4 0.4796 0.6155 0.0603 283.764 0.981
5 Oterm3 0.7835 0.1489 0.0088 287.271 0.908
6 Oterm11 0.3928 0.2393 −0.0774 299.403 0.666
7 Oterm7 0.3396 0.2466 0.1385 300.186 0.652
8 Oterm9 0.5237 0.2091 0.2266 325.024 0.272
9 Obr1 0.6561 0.0116 0.1035 353.209 0.061
Next Ligand:
10 Oterm6 0.7398 0.6274 −0.0797 377.921 0.009
Last Ligand:
24 Oterm8 0.3106 0.1176 0.2635 496.799 0.000
CN: 9
CA K4 0.1704 0.9084 0.1051
1 Oterm1 0.0854 0.7488 0.2275 267.075 1.183
2 Oterm10 0.2524 1.0649 −0.0197 267.243 1.180
3 Oterm8 0.1176 0.6894 0.0135 267.856 1.166
4 Oterm6 0.3726 0.7398 0.1703 281.250 0.874
5 Oterm2 −0.1055 0.9797 0.0892 283.357 0.830
6 Obr3 0.4304 1.0231 0.1532 291.980 0.657
7 Obr2 0.4817 0.8533 0.0560 323.002 0.201
Next Ligand:
8 Oterm8 0.3106 1.1176 0.2635 357.672 0.022
Last Ligand:
24 Oterm9 0.5237 1.2091 0.2266 499.736 0.000
CN: 7
CA = Central Atom
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No. Atom x y z Distance ECoN
CA K5 0.2438 0.5035 0.1489
1 Oterm6 0.3726 0.7398 0.1703 268.735 1.225
2 Oterm12 −0.0122 0.4188 0.1289 268.969 1.220
3 Oterm7 0.3396 0.2466 0.1385 272.024 1.153
4 Obr2 0.1467 0.4817 0.3060 272.649 1.139
5 Oterm9 0.2091 0.4763 −0.0234 282.299 0.931
6 Oterm4 0.4796 0.6155 0.0603 295.616 0.662
7 Oterm4 0.3845 0.4796 0.3103 297.031 0.635
8 Oterm8 0.1176 0.6894 0.0135 312.314 0.381
9 Oterm1 0.0854 0.7488 0.2275 315.912 0.332
Next Ligand:
10 Obr4 −0.0873 0.4907 0.2621 375.808 0.007
Last Ligand:
Obr3 -0.0231 0.4304 0.4032 494.514 0.000
CN: 9
CA = Central Atom
262 12 Appendix
Atom Charge Distance Potential PMF MAPLE *MAPLE
K1 + 1.0000 268.44 -0.78014 0.54403 129.4295 129.4295
K2 + 1.0000 272.91 -0.73877 0.51518 122.5652 122.5652
K3 + 1.0000 269.17 -0.84089 0.58639 139.5074 139.5074
K4 + 1.0000 267.08 -0.78361 0.54644 130.0044 130.0044
K5 + 1.0000 268.74 -0.83325 0.58106 138.2399 138.2399
S1 + 6.0000 142.54 -4.76252 19.92668 4740.7520 131.6876
Obr1 - 2.0000 142.17 2.58694 3.60798 858.3742 214.5936
Oterm1 - 2.0000 144.08 2.24866 3.13619 746.1292 186.5323
Oterm2 - 2.0000 144.77 2.23830 3.12174 742.6917 185.6729
Oterm3 - 2.0000 142.54 2.25918 3.15086 749.6200 187.4050
S2 + 6.0000 143.47 -4.74211 19.84132 4720.4423 131.1234
Obr2 - 2.0000 150.89 2.56415 3.57619 850.8114 212.7028
Oterm4 - 2.0000 144.80 2.21412 3.08801 734.6679 183.6670
Oterm5 - 2.0000 143.47 2.26687 3.16157 752.1688 188.0422
Oterm6 - 2.0000 146.02 2.21349 3.08713 734.4588 183.6147
S3 + 6.0000 139.47 -4.82437 20.18547 4802.3197 133.3978
Obr3 - 2.0000 142.32 2.68396 3.74329 890.5646 222.6411
Oterm7 - 2.0000 139.47 2.36436 3.29754 784.5179 196.1295
Oterm8 - 2.0000 142.91 2.26332 3.15663 750.9921 187.7480
Oterm9 - 2.0000 146.13 2.09469 2.92145 695.0402 173.7600
S4 + 6.0000 142.70 -4.81445 20.14397 4792.4457 133.1235
Obr4 - 2.0000 152.70 2.56343 3.57518 850.5710 212.6428
Oterm10 - 2.0000 143.13 2.31883 3.23405 769.4123 192.3531
Oterm11 - 2.0000 143.16 2.18937 3.05349 726.4540 181.6135
Oterm12 - 2.0000 142.70 2.30176 3.21024 763.7465 190.9366
B + 3.0000 142.17 -2.72381 5.69829 1355.6798 150.6311
Madelung Constant: 140.6904 ± 0.000004
Coulomb Part of Lattice Energy: 33471.6064 ± 0.001062 kcal⋅mol−1
Coulomb Part of Lattice Energy: 140112.1788 ± 0.004445 kJ⋅mol−1
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